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ABSTRACT 
Bottom-up synthesis is increasingly becoming the method of choice for 
assembling and studying novel nanomaterials. Whereas more traditional top-down 
methods may lead to mixtures of products and suffer from reproducibility issues, bottom-
up approaches offer atomistic control over the material’s structure. Bottom-up synthesis 
can also produce materials that would otherwise be unobtainable with top-down 
methodologies. Finite substructures of carbon nanotubes (CNTs) are one such example. 
The work encompassed in this thesis details the study of two related classes of CNT 
substructures: the cycloparaphenylenes (CPPs) and [5.7]ncyclacenes.  
 Cycloparaphenylenes are a class of graphitic material with many unique 
properties that make them intriguing candidates for study in a variety of electronic 
applications. Chapter 1 describes the current state of CPP research, from preliminary 
synthesis to fundamental understanding of their properties.  To optimize device 
performance, carbon materials are often doped with heteroatoms. Towards this end, the 
synthesis of a series of nitrogen-doped [8]CPPs (N-[8]CPPs) are detailed in Chapter 2.  
Nitrogen is incorporated into the CPP structure by way of the reductive aromatization 
  
vii 
 
strategy used for the all carbon CPPs, replacing 1,4-dibromobenzene with 2,5-
dibromopyridine. The synthesis utilizes oxidatively masked benzenes to assemble less 
strained, macrocyclic precursors. Through the divergent nature of the synthesis, 
macrocycles containing up to three nitrogen atoms at precise locations are prepared. 
Macrocycles are aromatized via a single electron reduction to reveal the final N-CPP 
structures. Chapter 3 details the full characterization of the properties of the novel N-
[8]CPPs. The differences between the N-[8]CPPs and [8]CPP are rationalized in the 
context of DFT studies. Finally, the study of 1N-[8]CPP and [8]CPP as novel electrode 
materials in supercapacitor cells is presented. Preliminary results show that the CPP 
electrodes are more conductive than the activated carbon control group, but the specific 
capacitances are found to be low.  
Finally, Chapter 4 describes the computational study of a novel family of 
macrocycle: [5.7]ncyclacenes. [5.7]ncyclacenes are isomers of the sought after 
[n]cyclacenes. Unlike their isomeric cousins, DFT studies show that [5.7]ncyclacenes 
have stable, closed-shell singlet ground states with relatively low strain energies. NICS 
values also show the molecules to be non-aromatic. These results suggest that with proper 
synthetic design, the [5.7]ncyclacenes should be accessible synthetically.   
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Chapter 1  
Synthetic Approaches to [n]Cycloparaphenylenes 
1.1 Introduction 
 
 For over 150 years
1
, conjugation and aromaticity have fascinated chemists and 
physicists alike.
2
 Study of such molecular architectures has led to a greater understanding 
of physical organic principles.  Much attention has been given in particular to cyclically 
conjugated hoops, bowls, and belts, such as [n]cyclocarbons,
3,4
 
[n]cycloparaphenylacetylenes,
5-7
 [n]cycloparaphenylenes,
8-10
 [n]cyclophenacenes,
11,12
 and 
[n]cyclacenes.
13,14
 Cyclically conjugated carbon frameworks such as these have allowed 
for in-depth study of concepts governing not only aromaticity, but magnetic properties, 
electron movement through molecules, and host-guest complexation.
15,16
  
 
Figure 1.1 [8]cycloparaphenylene (left) and a schematic of its unique, radially oriented 
π-system (right). 
The [n]cycloparaphenylenes (CPPs) (Figure 1.1), where n indicates the number 
of benzene rings, highlight a remarkable 80 year story: from initial attempts in 1934
17
 to a 
synthetic milestone in 2008
8
. Since then, several groups have produced a large body of 
work focused on the synthesis and understanding of CPPs and related derivatives.
9,18-23
 
Early attempts at synthesis derived mainly from a fundamental desire to explore chemical 
2 
 
 
 
space and push the capabilities of synthesis forward. In more recent times, interest in 
synthesis of CPPs resurged as they represent substructures of carbon nanotubes (CNTs).  
Properties of these molecules, however, have shown them to be an intriguing, novel class 
of carbon materials in their own right. With advances in methodology allowing CPPs to 
be derivatized and available in greater than milligram quantities, the application and 
exploitation of CPPs’ novel properties has only just begun.  
 Chapter 1 will survey the field of research devoted to the synthesis and 
theoretical study of CPPs as it stands today. Chapters 2 and 3 will detail our work on the 
synthesis and structure-property exploration of novel nitrogen-doped CPPs. Finally, 
Chapter 4 will present preliminary studies on a different class of all carbon framework—
the [5.7]ncyclacenes.  
 
1.1.1 Motivation for Synthesis: [n]Cycloparaphenylenes—Finite Substructures of 
Carbon Nanotubes 
 
 The motivation to synthesize the [n]cycloparaphenylenes arose first from a 
fundamental chemical curiosity. Cyclic hydrocarbons in general, from annulenes to rigid 
belt structures, allow for the study and validation of principles governing bonding, 
electron delocalization and conjugation, and aromaticity. While compared to most 
synthetic milestones CPPs seem like simplistic structures, their syntheses presented a 
formidable challenge. Bending of the planar benzene rings introduces a significant 
3 
 
 
 
amount of strain energy that must be overcome during synthesis. Being comprised of 
only carbon and hydrogen atoms also limits what synthetic manipulations are applicable.  
 While attempts towards CPPs appear in the literature as early as 1934,
17,24
 the 
desire to synthesize CPPs resurged with the explosive growth of research related to 
carbon nanotubes (CNTs). Carbon nanotubes are comprised of all sp
2
-hybridized carbon 
atoms arranged in a tubular hexagonal lattice. Despite being comprised solely of carbon 
atoms, CNTs exhibit remarkable properties. CNTs are over 100 times stronger than 
steel
25
. CNTs have high specific surface areas, with functionalized tubes having surface 
areas greater than 1000 m
2
/g.
26
 CNTs also possess useful electronic properties dependent 
on the orientation of their hexagonal lattice. As shown in Figure 1.2, CNTs can be 
categorized into three classes depending on the angle of fusion of the six-membered 
rings. Armchair tubes have metallic properties and are capable of carrying up to 1,000 
times more current than copper with little to no heat loss.
27
 Zig-zag tubes have semi-
conducting properties. Any angle of fusion in between 0 and 90° results in twisted or 
―chiral‖ tubes, which depending on their diameter, may be either metallic or semi-
conducting.  
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Figure 1.2 Three classes of CNTs.  
 While CNTs have desirable properties with many possible applications, 
exploitation and commercialization of nanotube-based electronic technologies has been 
slow.
28
  Current mass production methods utilize a top-down approach. These production 
methods, such as laser ablation,
29
 chemical vapor deposition,
30
 or arc discharge
31
 
uncontrollably produce mixtures of tubes.  While this is not an issue for exploiting the 
physical strength of CNTs, this so far has precluded their incorporation into electronic 
settings since purification is time consuming and cost prohibitive.
32 
Conversely, a bottom-up production method that extends molecular hoops and 
belts into CNTs would produce pristine, homogenous batches of CNTs with a single 
diameter. If the CNT structure is viewed as a polymer, the structure can be reduced to 
small, monomeric pieces that may be accessed synthetically through traditional flask-
based chemistries. [n]cycloparaphenylenes, for example, could give rise to armchair 
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tubes (Figure 1.3). Another class of carbon macrocycle, [n]cyclacenes, could generate 
zig-zag tubes. Proof of principle experiments pioneered by Smalley and Tour showed that 
re-initiation of CVD growth from small CNT fragments generated CNT products with 
similar surface morphologies and diameters as the precursors.
33
 An alternative approach 
put forth by Scott postulates that a repetitive Diels-Alder extension method may be 
feasible.
34
 Either through seeded CVD growth
 
or alternate chemical extension, precursor 
macrocycles may be extended into pure CNT product, with the chirality and diameter of 
the tube being set by the starting molecule.  With the goal of synthesizing CNTs from the 
bottom up, cycloparaphenylenes finally succumbed to synthesis in 2008.  
 
Figure 1.3 Bottom-up synthesis of CNTs via CPP extension.  
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1.2 First Generation Syntheses 
 
Early work in the area of CPP synthesis was contributed to greatly by three 
groups: Jasti and co-workers, Itami and co-workers, and Yamago and co-workers. While 
the initial syntheses only generated a few milligrams of product, methodologies have 
been optimized to yield hundreds of milligrams to grams of CPP. Better methodologies 
also allowed for access to increasingly smaller CPPs and functionalized CPP derivatives 
(vide infra).   
1.2.1 First Synthesis of CPPs: Jasti and Bertozzi  
 
In 2008, Jasti and Bertozzi reported the first synthesis of [9], [12], and [18] CPP.
8
 
In order to circumvent issues arising from strain, the synthesis relied on the use of 1,4-
cyclohexadiene moieties as masked aromatic rings. The incorporated sp
3
 hybridized 
carbons allowed enough flexibility to contruct dearomatized macrocycles that could be 
reductively aromatized to yield the final CPPs.  
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Scheme 1.1 Assembly of macrocycles via Jasti’s 1st generation synthesis.  
 
The synthesis began with a double addition of (4-iodophenyl) lithium into 
benzoquinone (Scheme 1.1). The product mixture favored the necessary cis diastereomer 
1-1. This was rationalized as being the result of electrostatic repulsion by the oxyanion 
towards the incoming nucleophile. 1-1 was then smoothly converted to bisboronate 1-2 
by lithiation and quenching with isopropoxypinacolborane. A ―shot-gun‖ Suzuki-
Miyaura macrocyclization with 1-1 and 1-2 gave macrocycles 1-3, 1-4, and 1-5 in 22% 
combined yield.  
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Scheme 1.2 Aromatization of Macrocycles (A) classical acid catalyzed procedures and 
(B) use of single electron reductant lithium naphthalide yields [9], [12], and [18] CPP. 
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A second challenge overcome by this synthesis was successful re-aromatization to 
the final CPPs. Classical re-aromatization methodologies utilize strongly acidic 
conditions, such as SnCl2 or HCl, and proceed through carbocation intermediates. 
Unfortunately, generation of a carbocation in the macrocyclic backbone resulted in 
aromatization in conjunction with rearrangement to give the less strained, meta-
substituted products (Scheme 1.2.A).  The solution to this issue was to avoid carbocation 
formation altogether and instead utilize a single electron reducing agent. Lithium 
naphthalide injects an electron into the macrocycle resulting in loss of methoxide. 
Addition of a second electron generates an anion that rearranges to give the final 
aromatized ring (Scheme 1.2.B). Treatment of the macrocycles with excess lithium 
naphthalide at –78 °C gave [9], [12] and [18] CPPs in 43%, 52%, and 36% yield 
respectively (Scheme 1.2.B).  
1.2.2 Itami’s Selective and Random Synthesis of [12] and [9]Cycloparaphenylene 
 
Shortly after, the Itami group reported their synthesis of 
[12]cycloparaphenylene.
35
 They used a similar approach to overcome strain by using cis-
cyclohexane-1,4-diyl units as masked aromatic rings. The macrocyclic precursor was 
assembled via Suzuki Coupling of fragments 1-6 and 1-7 (Scheme 1.3).  
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Scheme 1.3 Itami Synthesis of [12]CPP. 
 
Aromatization of 1-9 was achieved by treatment with p-TsOH, proceeding first 
through a dehydration and then oxidation to the final CPP. A later adaptation of the 
synthesis was published using Ni(cod)2 and bipyridine.
36
 The switch from Pd to Ni was 
an effort to reduce costs for large scale synthesis as well achieve a selective synthesis of 
[9]CPP. However, the macrocyclization produced a mix of precursors to both [12] and 
[9]CPP, with [9] occurring in a higher 32% yield.  
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1.2.3 Yamago’s Selective and Random Syntheses of [8]-[13]Cycloparaphenylene  
 
In 2010, the Yamago group reported the first truly selective CPP synthesis of 
[8]CPP, the smallest CPP at the time.
37
 Instead of utilizing dearomatized fragments with 
curvature, Yamago’s synthesis utilized fully aromatized biphenyl units. The fragments 
were assembled into a tetra-nuclear Pt complex (Scheme 1.4). Reductive elimination 
from the Pt generated [8]CPP in 49% yield. This approach was a concise, selective 
alternative to accessing CPPs with the main limitation being cost associated with the 
stoichiometric platinum. Subsequent modification of the synthesis using larger arene 
fragments led to the random synthesis of [8]-[13] CPP.
23
  
 
Scheme 1.4 Yamago’s synthesis of [8]CPP. 
 
1.2.4 Selective Synthesis of [7]CPP 
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In 2011, Jasti and co-workers reported the synthesis of [7]CPP—the smallest CPP 
at the time (Scheme 1.5).
38
 Unsymmetric fragment 1-13 was accessed from addition of 
(4-chloro)phenyl lithium into bromo-quinone 1-12 followed by deprotonation and 
methylation. Selective lithium-halogen exchange of the bromide followed by quenching 
with isopropoxy pinacolborate generated boronate 1-14. Standard Suzuki coupling of 1-
13 and 1-14 afforded 6-ring fragment 1-15 in 84% yield. A second Suzuki coupling 
utilizing S-Phos activated the aryl chlorides. Cross-coupling of 1-15 with 1,4-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)benzene generated the 7-ring macrocycle 1-16, 
which upon treatment with sodium naphthalide, yielded [7]CPP. This orthogonal 
methodology was later adapted to selectively produce [7]-[12]CPP in a divergent 
manner.
10
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Scheme 1.5 Synthesis of [7]CPP by Jasti et al.  
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1.3 Later Generation Syntheses  
 
The focus of CPP research quickly turned to challenging the capabilities of 
organic synthesis. Smaller sized CPPs posed larger synthetic challenges from increased 
strain energy. [6]CPP is calculated to have strain energy of 96 kcal/mol. The large 
bending in [5]CPP was predicted to convert the bonding structure from benzenoid to 
quinoidal.
39
 In order to access these smaller sizes, a 2
nd
 generation synthesis was 
developed by Jasti et al. that generated a highly curved 5-ring unit 1-21. Due to the extra 
curvature, 1-21 successfully gave access to [6] and eventually [5]CPP.
40
  
1.3.1 2
nd
 Generation Synthesis and Synthesis of [6]CPP 
 
The benchmark for the smallest CPP was set even lower with the successful 
synthesis of [6]CPP reported by Jasti and co-workers in 2012.
18
 The 2
nd
 generation 
synthesis produced the 5-ring fragment 1-21. 1-21 was assembled through an oxidative 
dearomatization/addition sequence (Scheme 1.6).  The synthesis begins with addition of 
aryl lithium 1-17 into ketone 1-12. Deprotonation and methylation give 1-18 in 62% yield 
over the three steps. Removal of the OTBS group with TBAF followed by PIDA 
oxidation generates 4-ring ketone 1-20. A second addition with (4-bromophenyl) lithium, 
followed by deprotonation and methylation, gives dibromide 1-22 in 51% yield. Suzuki 
coupling with Pd(PPh3)4 generates macrocycle 1-22 in a lower yield of 12%. In the final 
step, treatment of 1-22 with sodium naphthalide produces [6]CPP in 48% yield.  
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Scheme 1.6 Jasti’s synthesis of [6]CPP. 
 
1.3.2 The Need for More Material: Gram Scale Syntheses of [8] and [10]CPP 
 
With a wide range of sizes of CPPs synthesized, research into the properties and 
possible applications of the nanohoops was of great interest. Unfortunately, this 
burgeoning area of research was hampered by availability of material. The most that any 
one synthetic route could make was a few tens of milligrams. Utilizing the enhanced 
curvature of 1-21, the Jasti group was able to develop a route to yield [8]- and [10]CPP 
on a gram scale (Scheme 1.7).
9
 Optimization of procedures increased the overall 
synthetic yield of 1-21 to 30%. Additionally, utilizing an improved in situ methylation 
quench, greater than 30 grams of 1-21 can be prepared in a one pot reaction.   
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Continuing from 1-21, lithiation and quenching with 
i
OPrBpin generates 
diboronate 1-23. Closure of dibromide 1-21 with 1-2 yields [8]CPP precursor 1-24 in 
50% yield while closure of dibromide 1-21 with 1-23 yields [10]CPP precursor 1-25 in 
45% yield. Treatment of both macrocycles with sodium naphthalide reveals the final 
CPPs.  
 
Scheme 1.7 Gram-scale routes to [8]- and [10]CPP. 
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1.4 Synthesis of CPP Derivatives  
 
With an orthogonal synthesis and the ability to synthesize larger quantities of 
product, efforts were focused on synthesizing CPP derivatives that were inaccessible 
previously. Synthesis and study of these structures were motivated not only by the desire 
to extend them into CNTs, but to gain fundamental understanding into the CPPs’ 
properties and aromaticity.  
1.4.1 Synthesis of Tetraphenyl-Substituted [12]CPP 
 
As CPP methodology progressed, hopes for using them as seeds for CNT growth 
grew larger. Even if the seed molecules could only be synthesized in small quantities, 
extension of 1 milligram of pure CPP could produce over a kilogram of pure single-
walled CNTs up to 1 millimeter in length. At the time, two main approaches were being 
championed as possible extension methods. 
The first idea built off of Smalley’s work of re-initiating CVD growth of ultra-
short CNTs.
33
 Though the mechanism of CNT growth during the CVD is not entirely 
known, it is highly suspected that  it is radical mediated, and the presence of methyl and 
hydrogen radicals in CVD furnaces is well documented.
41
 Unfortunately, it is also known 
in the literature that hydrogen radicals in particular are capable of cleaving aryl-aryl 
bonds and re-arranging aromatic systems.
42
 Simple CPP precursors are therefore unlikely 
to survive CVD conditions long enough to ever produce pure CNT products.  An initial 
report by Itami and co-workers claimed successful CNT growth from [12]CPP, though 
18 
 
 
 
unsurprisingly, they were seeing only enrichment of the expected diameter along with 
production of other tube diameters.
43
  
The second growth method put forth in the literature by Scott proposes a step-
wise Diels-Alder (DA) growth.
34
 Computational modeling suggests however that the 
activation barrier for DA reactions on the CPP backbone is prohibitively high. However, 
appending the CPP with additional phenylene units lowers the activation barrier 
significantly, placing it in the regime of other facile DA reactions known in the literature.  
Based on these results, it seemed clear that in order to build a CNT from a CPP, 
either by DA or CVD methods, the CPP molecule would need to be elongated. Utilizing 
similar methodology used to access [7]CPP, Jasti and co-workers produced tetraphenyl-
substituted CPP 1-26 (Scheme 1.8). 1-26 would serve as a model system for developing 
methodology to oxidize to fully fused structure 1-28. If successful, a fully phenyl 
substituted CPP 1-28 could be closed to ultrashort CNT 1-29. 1-29 could then serve as an 
investigative model in DA and CVD methods.   
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Scheme 1.8 Tetra- (A) and fully phenyl substituted [12]CPP (B). Oxidative closure 
would generate extended CPPs more amenable to currently proposed extension methods. 
 
1.5 Characterization and Properties of [n]CPPs 
 
Based on their cyclic nature and supposed ―infinite‖ conjugation, CPPs were 
suspected to have interesting properties that could only be investigated computationally 
prior to their synthesis. The experimental study of these molecules has shown them to be 
a unique sub-class of carbon architectures. As will be shown, CPPs display tubular solid-
state packing structures, size-dependent optoelectronic properties, and formation of 
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guest-host complexes. The smallest sized CPPs arguably behave the most interestingly of 
the series.  
 
1.5.1 Crystal Packing Structures of CPP 
 
The first CPP crystal structure reported was that of [12]CPP by Itami and co-
workers (Figure 1.4).
21
 The ring C-C bond lengths were found to be a uniform 1.39 Å, 
supporting the fully benzenoid character of every ring. The [12]CPP molecules were 
found to pack in a herringbone fashion—typical behavior for polyaromatic 
hydrocarbons
44,45—though when viewed along one axis the molecules aligned to form 
ordered channels with a pore size of 1.65 nm. The crystal packing structure of [9]CPP 
also reported by Itami was shown to pack in a similar fashion, though there was slight 
variation of aryl C-C bond lengths ranging between 1.36 Å and 1.39 Å.
36
 
 
Figure 1.4 Crystal structure of [12]CPP (A) herringbone packing of [12]CPP molecules 
and (B) top-down look at off-set aligned pores.  
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 The crystal structures for [5], [6], [8], and [10]CPP were later reported by Jasti 
and co-workers.
9,18,40
 [8] and [10]CPP exhibited similar herringbone orientations with 
tubular channels that had pore sizes corresponding to the CPP diameters, 1.08 and 1.27 
nm respectively. Interestingly, [6]CPP adopts a completely linear tubular structure, 
reminiscent of a CNT (Figure 1.5).   
 
Figure 1.5 Crystal structure of [6]CPP (A) face-on linear alignment and (B) top-down 
view of linearly aligned channels. 
 
There was seemingly no reason for the preference of [6]CPP to stack into tubes. 
Until the synthesis of [5]CPP, it remained unclear as to whether all small sized CPPs (n 
<7) would adopt this tubular structure.  With the successful synthesis of [5]CPP in 2013, 
the crystal structure was found to once again adopt a herringbone packing structure with 
linear 1-D alignment of the pores.
40
  It was hypothesized that the tubular alignment could 
be a polymorph of all CPP crystals that happened to form easier with [6]CPP. Repeated 
crystallizations of [6]CPP and larger sizes such as [8]CPP suggest the ability to form 
linearly aligned tubes is a property unique to [6]CPP. Upon thermal or photochemical 
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annealing, pre-organized structures in the appropriate conformation have been utilized to 
generate small sheets of graphene.
46
 These pre-organized [6]CPP arrays may similarly 
provide a means to access (6,6) armchair CNTs under similar cyclodehydrogenation 
conditions.   
1.5.2 Host-Guest Interactions of C60@[10]CPP 
 
In 2011, Yamago and co-workers reported the size selective encapsulation of 
fullerene by [10]CPP, forming complex C60@[10]CPP (Figure 1.6).
22
 The complex 
formation can be monitored by 
1
H NMR, with a downfield shift of 0.054 ppm observed 
for equivalent protons of [10]CPP. The association between the fullerene and [10]CPP 
was empirically measured to add 38 kJ/mol of stabilizing energy. This is the strongest 
fullerene complex in the literature to date, surpassing previously studied complexes of 
fullerene with cyclophenylacetylenes.
6
  
Jasti and co-workers subsequently reported the crystal structure of C60@[10]CPP 
(Figure 1.6).
9
 The distance between the C60 (ring centroid) and the [10]CPP (ring plane) 
was found to be 3.36 ± 0.05Å. The [10]CPP orients itself such that each phenyl unit 
participates in a π-π interaction. This orientation adopted by [10]CPP reduces the 
variance between the dihedral angles from 27.3±11.7°  to 28.5 ±2.5°, which increases 
steric interactions that are compensated for by the overall stability of the complex. Most 
notably, the inclusion of C60 in the [10]CPP cavity quenches the fluorescence. This result 
suggests that like other conjugated aromatic macrocycles, [n]CPPs may be useful in 
chemical sensing applications, particularly the sensing of aromatic analytes.  
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Figure 1.6 C60@[10]CPP (A) crystal structure and (B) perfect mapping of each 
phenylene unit onto the fullerene molecule. 
  
1.5.3 Size-dependent Electronic Properties of [n]CPPs 
1.5.3.1 Absorption and Fluorescence  
 
 Nanoscale materials often exhibit size-dependent optical properties. The size-
dependent effects are a unique function of the nanometer scale. Gold nanoparticles 
visually appear as different colors based on diameter.
47
  CdSe quantum dots exhibit blue-
shifting fluorescence with decreasing particle size.
48
 These effects are well studied and 
mostly understood for metal based nanoparticles. In the case of gold, the effect is simply 
the result of the particles becoming smaller than the wavelengths of colored light in the 
visible spectrum. For CdSe quantum dots, the shifting fluorescence is the result of 
quantum confinement of the electrons’ wavefunctions. Carbon based nanomaterials also 
demonstrate unique, size-dependent properties. Understanding this behavior for these 
materials is somewhat complicated by the fact that instead of studying an association 
between atoms, the property must be explained in the context of a single molecule.  
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Linear paraphenylenes exhibit both a size-dependent absorption and fluorescence 
maxima, with the fluorescence blue-shifting with decreasing size.
49
 This trend can be 
attributed to the narrowing of the HOMO-LUMO gap with increasing size due to 
extended π-conjugation (Figure 1.7). [n]CPPs however demonstrate an anomalous trend. 
The absorption maxima for all size [n]CPPs is the same, occurring at 340 nm (Figure 
1.8). The fluorescence demonstrates size-dependence, but the trend is reversed with the 
fluorescence blue-shifting with increasing size. DFT calculations reveal that the HOMO-
LUMO transition for all [n]CPPs is forbidden with oscillator strengths of or close to zero. 
The absorption maxima are instead attributed to a combination of other orbital 
transitions, and are therefore independent of the size of the CPP. The fluorescence 
maxima redshift from 450 nm for [12]CPP down to 592 nm for [7]CPP. [5] and [6]CPP 
demonstrate no detectable fluorescence.  
 
Figure 1.7 HOMO-LUMO energies for linear oligophenylenes (red) and 
[n]cycloparaphenylenes (black). 
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Figure 1.8 UVVis and fluorescence spectra of [8]-[13]CPP.
23
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1.5.3.2 Quantum Yields of [n]CPPs 
 
Larger CPPs (n>11) have relatively equivalent quantum yields between Φ=0.88-
0.90. The quantum yields decrease with decreasing CPP size to where the quantum yield 
of [8]CPP is 0.10.  [7]CPP has a quantum yield of 0.007, and [5] and [6]CPP have no 
observable fluorescence.  This trend is not yet well understood. A preliminary theory 
posits that the greater curvature of the CPPs allows for more structural flexibility, as the 
steric interactions between adjacent hydrogen atoms are reduced. This is supported by the 
decreasing dihedral angles seen in crystal structures and optimized geometries of the 
smaller CPPs.  
1.5.4 Oxidation and Reduction Potentials  
 
 The first oxidation potentials of CPPs were reported by Yamago and co-workers. 
Cyclic voltammetry measurements were performed in 1,2-dichloroethane with tetra(n-
buthyl)ammoniumhexafluorophosphate as the supporting electrolyte. Contrary to the 
trend with linear phenylenes, the oxidation potential decreases with decreasing CPP size, 
with [6]CPP having an oxidation potential of 0.44 V. The increased strain energy raises 
the HOMO energies of the smaller CPP sizes making them easier to oxidize. For sizes [6] 
and above, the oxidations were found to be reversible one-electron processes. [5]CPP 
displays two oxidations at 0.25 and 0.46 eV, though both processes are irreversible.  
The reduction potentials of CPPs are not as well documented in the literature. The 
only reported reduction potentials are for that of [7]CPP at –2.57 eV (vs. Fc/Fc+) and two 
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reductions of [5]CPP of -2.27 eV and -2.55 eV (vs. Fc/Fc
+
). In spite of these low 
reduction potentials, [8]CPP is capable of accepting 4 electrons from potassium metal to 
form a stable tetraanion intermediate. 
50
 The 4-fold reduction distorts the relatively 
circular shape of [8]CPP to an elongated oval. This result suggested the [n]CPPs may be 
useful as electrode materials in organic based energy devices.  
 
Figure 1.9 Tetraanion of [8]CPP. Multielectron reduction distorts the normally circular 
CPP to an oblong oval. 
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1.6 Conclusion 
 
As conveyed in this chapter, the interest and study of [n]cycloparaphenylenes has 
grown tremendously in the few years since their first synthesis in 2008. In the following 
chapters, the synthesis and study of novel nitrogen-doped CPPs will be detailed. These 
explorations not only probe fundamental questions about the effect of doping onCPPs’ 
unusual properties, but aim to tailor the properties of CPPs to make them advantageous 
materials for specific applications.  
  
  
29 
 
 
 
Chapter 2  
Synthesis of Nitrogen-doped Cycloparaphenylenes 
2.1 Introduction 
 
 As detailed in Chapter 1, the [n]CPPs are a new class of 3-d graphitic material. 
Their unique properties warrant further exploration of the possible applications of these 
molecules. Given CPPs’ ability to reversibly accept electrons, energy storage applications 
such as supercapacitors are of particular interest. The ability to tune a molecule’s 
electronic structure for optimal device performance is an important consideration. For 
other carbon based materials, such as fullerenes and graphene, nitrogen doping has been a 
means to achieve such control. With a large body of literature as precedent, we aimed to 
tailor the properties and electronic structure of CPPs in a similar fashion.  In this chapter, 
we present the synthesis of a family of N-[8]CPPs with 1, 2, and 3 nitrogen atoms at 
controlled positions (Figure 2.1).  
 
Figure 2.1 Series of nitrogen substituted [8]CPPs synthesized, 1N-[8]CPP (left), 2N-
[8]CPP (middle), 3N-[8]CPP (right). 
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2.1.1 Bottom-up Synthesis of Nitrogen-doped Carbon Materials 
 
 Nitrogen doping of carbon materials has served as a means to tune electronic 
properties of materials and in some cases introduce novel reactivity.
51-55
 From a top-down 
approach, nitrogen can be incorporated into a material in two fashions: during a growth 
process or post-synthesis modification. For example, a nitrogen containing carrier gas 
such as ammonia may be flowed into the reaction chamber during CVD growth to 
generate nitrogen doped CNTs or graphene. Alternatively, high temperature annealing 
with nitrogen containing molecules can result in doping.
56-58
 
 
Figure 2.2 Examples of nitrogen atoms incorporated into a graphitic lattice.
59
 
 
 The disadvantages of a top-down approach are the lack of control over nitrogen’s 
valency and the reproducibility of doping percentages. Nitrogen can be incorporated into 
a hexagonal lattice in several manners, as shown in Figure 2.2. While all the nitrogen 
atoms are sp
2
 hybridized, they are structurally different and will affect material properties 
differently. Without knowing the exact structural nature of every nitrogen atom present, it 
Pyridinic Oxide 
Quaternary Pyrrolic 
Pyridinic 
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is nearly impossible to determine structure-property relationships. Consequently, bottom-
up synthesis of doped structures is becoming increasingly common.
60-65
 A bottom-up 
approach has the advantage of atomistic precision over the final structure as well as being 
reproducible. 
2.1.1.1 Nitrogen-substituted Graphene Fragments 
 
 Since its isolation in 2004, graphene has become one of the most intensely studied 
materials.
66
 Graphene’s conductivity makes it an appealing candidate to replace silicon 
and continue the trend of ever shrinking electronics as outlined by Moore’s Law. In order 
to realize this application however a band gap must be instilled in graphene.
67,68
 One 
approach to this has been to fabricate small sections of graphene, termed graphene 
nanoribbons or graphene quantum dots depending on their shape (Figure 2.3). As 
outlined previously, nitrogen doping of carbon structures alters the electronic states. As 
such, doping of graphene and graphene fragments with nitrogen followed suit. For 
reasons of high reproducibility, bottom-up synthesis of graphene fragments is becoming 
the production approach of choice. Two examples of nitrogen-doped graphene fragments 
are shown in Figure 2.3. Both structures were prepared from the bottom-up, giving 
access to well-defined materials. 
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Figure 2.3 Examples of synthesized nitrogen-substituted graphene quantum dots (left) 
and graphene nanoribbons (right). 
 
 Synthesis of a nitrogen-doped graphene quantum dot (Figure 2.3) enabled 
fundamental study of graphene catalyzed processes. Substitution of just two carbon atoms 
for nitrogen turned on catalytic activity in the structure, enabling Li et al. to study the 
oxygen reduction reaction (ORR), which is of great importance for the development of 
fuel cells.
62
 Nitrogen-doped graphene had been used to catalyze ORR previously, but it 
remained unclear what structural features would lead to optimal catalytic activity. Initial 
results suggested that the valency of nitrogen was the most important consideration.
69
 By 
preparing well defined structures though, Li et al. were able to show that the catalytic 
efficiency was related more to size of the graphene fragment, and not just the nitrogen 
content. Reaching this conclusion with materials of unknown structure would have been 
impossible.  
Li et al., JACS, 2012, 134, 18932 Tegeder et al., ACIE, 2013, 52, 4422 
Graphene Quantum Dot Graphene Nanoribbon 
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 Nitrogen-doping of graphene nanoribbons (Figure 2.3) shifted the bandgap in a 
predictable manner.
61
 Optimal device performance occurs when the semiconductor and 
metal used for fabrication have similar energies. While the bandgap of GNRs is ideal, the 
energy levels of the valence and conduction bands are not always optimally matched to 
the metal base. The prepared nitrogen-doped GNRs had the same bandgap, but lower 
lying valence and conduction energies, better matching the Fermi levels of the metals in 
study.   
2.1.2 Previously Synthesized Nitrogen-substituted Cycloparaphenylenes 
 
During the course of the synthesis detailed in this chapter, the synthesis of a tetra-
nitrogen-doped [18]CPP ([14,4]CPPy) analog was published by the Itami group (Figure 
2.4).
70
  While the molecule was new, there was little offered in the way of exploration of 
properties or understanding of the impact the nitrogen atoms had on the structure. The 
optical properties were noted to be almost identical to those for [18]CPP.  The authors did 
note the halochromic shifting of the emission and absorption peaks upon protonation. The 
synthesis of this structure utilized pre-formed bipyridine units that were Suzuki coupled 
onto precursors utilized in previous syntheses. This approach limits how many nitrogen 
atoms can be incorporated into the hoop and where they may be placed, and thus 
precluded the exploration of a family of molecules. In light of this paper, we focused our 
efforts on synthesizing a family of the smaller sized [8]CPPs, as the smaller sized CPPs 
are more responsive to structural effects. 
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Figure 2.4 Nitrogen containing CPP [14,4]CPPy synthesized by Itami et al.  
 
2.2 Synthesis of N-doped [8]CPPs 
 
2.2.1 Optimizing Lithium-Halogen Exchange Conditions  
 
To synthesize nitrogen-substituted CPPs, we simply planned to substitute the 
dihalobenzenes for dihalopyridines at various points during the synthesis.  The reactivity 
of pyridine made this switch less straightforward.   Initial attempts to produce pyridine 
substituted fragments following the 1
st
 generation methodology were met with limited 
success (Scheme 2.1). Addition of lithiated pyridines into benzoquinone gave yields of 
15% or less over two steps, with a large amount of oily byproduct formation that was 
difficult to separate from 2-2. Double nucleophilic additions into benzoquinone are 
known to fail with highly basic reagents.
71
 As we would come to appreciate, the basicity 
of and sensitivity of lithiated pyridines is markedly different than aryl lithiums. With the 
low yield, material throughput to the final CPP structures would prove problematic.  
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Scheme 2.1 Adaptation of the 1
st
 generation CPP synthesis to include pyridine was not 
successful.  
With the development of the gram scale synthesis of [8]- and [10]-CPP by our 
research group in 2011, however, the controlled synthesis of nitrogen analogs seemed 
more attainable. Where the 1
st
 generation synthesis would limit us to a shot-gun 
macrocyclization step to generate random sizes, the orthogonality of the new gram scale 
procedures opened up the possibility of synthesizing a series of one size CPP. The 
reactivity problem of lithiated pyridines was an issue that still needed to be solved 
though.  
Lithiation of 2,5-dibromopyridine is known in the literature, though the reported 
yields for addition reactions are not high.
72
   Regioselectivity of the lithiation step is 
dictated by solvent. In coordinating solvents, such as THF, the selectivity for lithiation at 
the 5-position should have been high enough to yield appreciable amounts of product. 
Upon workup however, the reactions were often brown oils and after column purification 
only 20-30% of product was recovered.  
In the literature, it was noted that lithiation of 2,6-dibromopyridine was 
problematic and was studied more in-depth.
73
 Upon treatment with nBuLi, 2-bromo-6-
lithiopyridine was capable of both lithium halogen exchange with unreacted 2,6-
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dibromopyridine  as well as deprotonating the pyridines at the 3 and 4 positions as 
determined by quenching studies with DMF. The likelihood of these side reactions 
increased with increased concentration. The solution to avoid these side reactions proved 
to be inverse addition. When 2,6-dibromopyridine was added to a diluted solution of 
nBuLi at –78 °C, the dilithiated species would form initially and then equilibrate to the 
desired monolithiated species (Figure 2.5).  
 
Figure 2.5 Lithiation of 2,6-dibromopyridine (A) regular addition leads to undesired side 
reactions while (B) inverse addition generates exclusively the desired product. 
 
Applying the inverse addition to our reactions increased the yields of the products 
significantly. The yields remain lower than the analogous additions with lithiated 
benzenes, however, likely due to a small percentage of lithiation at the undesired 2-
position. Other solvents with higher lithiation selectivity, such as diethyl ether or toluene, 
were investigated. While the lithiation was cleaner, the nucleophilic addition did not 
proceed smoothly in these solvents. In addition to lower yields, the synthesis of pyridine 
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monomers is limited by concentration. Where the lithiation of halobenzene can be run 
very concentrated (up to 1M), lithiation of pyridines is concentration sensitive and can be 
run no higher than 0.3 M. 
 
 
Figure 2.6 Selective lithiation of 2,5-dibromopyridine. 
 
Selectivity of the lithiation was confirmed by X-ray crystallography of 2-2. Both nitrogen 
atoms are in the expected position adjacent to the bromine atoms 
 
Figure 2.7 ORTEP drawing of 2-2 showing the nitrogen atoms in the expected positions. 
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2.2.2 Synthesis of Suzuki Coupling Partners 
 
 With the lithiation of 2,5-dibromopyridine optimized, the coupling fragments 
could be synthesized (Scheme 2.2). By taking advantage of the unreactive nature of 
chlorine to lithium halogen exchange, a set of 3- and 5-ring fragments were produced. By 
combining the fragments in different fashions, CPPs with up to 3 nitrogen atoms at 
predetermined positions can be made.  
 
Scheme 2.2 Synthetic route to 3-ring Suzuki coupling partners.  
 
 The synthesis begins with addition of (6-bromopyridin-3-yl) lithium to 4,4-
dimethoxycyclohexa-2,5-dienone (Scheme 2.2). Deprotection of the ketal with acetic 
acid gives pyridine quinol 2-4 in 42% yield. Next, 2-4 is deprotonated with NaH. 
Deprotonation forms a sodium alkoxide that disfavors nucleophilic attack from the top 
face, ensuring high diastereoselectivity for the desired syn product.
38
 Addition of the 
aryllithium species followed by in situ methylation gives 2-2, 2-5, and 2-6 in 49-51% 
yield. Dibromides 2-2 and 2-5 were used without further modification in 
macrocyclization reactions.  
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Scheme 2.3 Synthesis of diboronates 2-11 and 2-12.  
 
The 5-ring boronates were synthesized in a similar fashion through sequential aryl 
lithium additions. Addition of a lithiated 3-ring fragment into 4,4-dimethoxycyclohexa-
2,5-dienone followed by deprotection yields  4-ring ketones 2-7 and 2-8. Deprotonation 
with NaH and addition of 4-chlorophenyl lithium or (6-chloropyridin-3-yl) lithium gives 
5-ring dichlorides 2-9 and 2-10 in 70 and 90% yields respectively. The dichlorides were 
smoothly converted to diboronates 2-11 and 2-12 with Pd(OAc)2 and Buchwald’s S-Phos 
ligand.  
2.2.3 Macrocyclization and Aromatization  
 
With the coupling partners in hand, we next turned our attention to optimizing the 
macrocyclization step. Couplings of pyridyl bromides are widely known in the literature. 
Yields of these reactions however are affected by substituent electronic effects and 
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possible coordination of the nitrogen to the catalyst.
74
 After surveying the literature, 
several catalyst combinations seemed to be the most effective, and we applied these 
conditions to a model system (Scheme 2.4).  
 
Scheme 2.4 Model system for Suzuki conditions screening. 
 
 The results of the screen are shown in Table 2.1. All reactions were run on 10 
milligram scales at 3 mM to ensure the coupling would work under the high dilution 
necessary for macrocyclization. Reactions run in dioxane yielded no product, as 
determined by 
1
H NMR.  The remaining combinations yielded product with varying 
levels of conversion. Reactions run in Toluene/MeOH showed the highest conversion 
with the cleanest crude spectra. 
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Catalyst (10%) Base Solvent Product 
Formation? 
Pd(PPh3)4 Cs2CO3 Tol/MeOH 50% 
Pd(PPh3)4 Cs2CO3 DMF/IPA < 10% 
Pd(PPh3)4 Cs2CO3 Dioxane/H2O No 
Pd(OAc)2 Cs2CO3 Tol/MeOH 25% 
Pd(OAc)2 Cs2CO3 DMF/IPA < 10% 
Pd(OAc)2 Cs2CO3 Dioxane/H2O No 
PdCl2(dppf) Cs2CO3 Tol/MeOH 30% 
PdCl2(dppf) Cs2CO3 DMF/IPA 20% 
PdCl2(dppf) Cs2CO3 Dioxane/H2O No 
 
Table 2.1 Screened conditions for Suzuki Coupling model system.  
 
 Based on the results of the model system, five sets of conditions were applied to 
the actual macrocyclization (Table 2.2, Scheme 2.5). This screen showed that the 
optimum conditions were 10% Pd(PPh3)4 with aqueous NaHCO3 in Toluene/MeOH. 
Addition of the phase transfer catalyst 
n
Bu4NBr increased the yield further. Despite these 
optimized conditions, the yield for macrocyclization of the pyridine units remains lower 
than the yield for the all-carbon analogs. The sluggish nature of substituted pyridine cross 
42 
 
 
 
couplings is likely a contributing factor as it makes competitive oligomerization more 
likely. Despite this, pyridine macrocycles can be assembled in 15-22% yield.   
Catalyst (10%) Base Solvent Product 
Formation? 
Pd(PPh3)4 Cs2CO3 Tol/MeOH 15% 
Pd(PPh3)4 K3PO4 Tol/MeOH 10% 
Pd(PPh3)4 NaHCO3 Tol/MeOH 17% 
Pd(OAc)2 Cs2CO3 DMF/IPA 10% 
Significant 
Oligomers 
Pd(OAc)2 
w/ S-Phos 
Cs2CO3 DMF/IPA 10% 
Significant 
Oligomers 
PdCl2(dppf) Na2CO3 Tol/H2O Trace 
 
Table 2.2 Screened conditions for macrocyclization. 
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Scheme 2.5 Formation of different macrocycles based on coupling partner pairs  
 
 The final reductive aromatization required no re-optimization to form product 
(Scheme 2.6). However, we found that instead of using extreme excess as reported in the 
initial synthesis, titrating in sodium naphthalide until a deep purple color persisted 
resulted in a cleaner reaction.
8
 Purification of the crude reaction mixture yields 50-55% 
product.   
 
 
 
 
 
Scheme 2.6 Reductive aromatization to final N-doped CPPs.  
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2.3 Towards CPPs with Higher Nitrogen Counts  
 
 With the successful synthesis of a CPP containing three pyridine rings, we turned 
our focus to the possibility of synthesizing CPPs with even more nitrogen atoms. The 
divergent nature of the synthetic route would allow for synthesis of 5-ring dichlorides 
with two or three nitrogen atoms (Scheme 2.7).  Combining these new 5-ring fragments 
with already synthesized 2-2 would give macrocycles with 4 and 5 nitrogen atoms 
respectively.  
 
Scheme 2.7 Modified synthetic route towards 5-ring fragments with more nitrogen. 
 
 In order for successful macrocyclization, one of these new fragments would need 
to be converted to a boronate species. Pyridines are notoriously difficult to borylate, 
particularly in the 2-position, and even rings that are successfully borylated often 
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decompose and undergo protodeborylation without coupling.
75-78 
Despite this, we 
attempted to borylate dibromide fragment 2-2. 
 Initially we tried conventional methods: lithiation of 2-2 with nBuLi followed by 
a quench with isopropoxypinacolborate (Scheme 2.8). No significant product formation 
was seen as evidenced by 
1
H NMR or LC/MS.  The reaction was repeated several times 
at varying concentrations, temperatures, and orders of addition. Even with altered 
conditions, the reaction only yielded debrominated starting material. 
 
Scheme 2.8 Attempted borylation of dibromide 2-2.  
 
 With the lithiation procedures failing, we next tried palladium-catalyzed 
conditions from the literature. While there are not many examples, Pd(dba)2 and 
Pd(PPh3)2Cl2 have been shown to borylate pyridyl iodides, bromides, and chlorides in 
reasonable yields.
79
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Scheme 2.9 Palladium catalyzed borylation conditions fail on 2-22.  
 
Palladium conditions however failed to yield product as well. Depending on the 
catalyst, significant amounts of either debrominated starting material or oligomers were 
seen. Oligomer formation was determined by the appearance of characteristic bipyridine 
peaks in the 
1
H NMR spectrum.  
While we have not been able to successfully make the boronic ester 2-22, there 
are still a number of possible alternatives to investigate in the future. More stable 
boronates, such as MIDA boronates, have been applied to pyridine systems with 
success.
77,78
  Other groups have circumvented the issue of borylation all together by using 
the pyridyl halides directly for Negishi couplings.
80-82
 The possibilities are by no means 
exhausted and CPPs with higher nitrogen will likely be accessible with further research.  
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2.4 Conclusion 
 
 In this chapter, the synthesis of a family of three nitrogen substituted CPPs was 
presented. The synthesis of higher nitrogen analogs was investigated but has been 
unsuccessful to date. Instead of dedicating more time to the synthesis of a larger family, 
we turned our focus to fully characterizing and studying the properties and applications 
of the 1-3 nitrogen series. Those results are detailed in the following chapter.  
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2.5 Experimental Procedures 
 
2.5.1 General Experimental Details 
 
 1
H NMR spectra were recorded at 400 or 500 MHz on Varian NMR 
spectrometers and were referenced to TMS peaks. 
13
C NMR spectra were recorded at 125 
MHz or 100 MHz on Varian NMR spectrometers. Infrared spectra were recorded on a 
Bruker Alpha FT-IR spectrometer. Aside from compound 2-3, which was synthesized 
and purified according to literature procedures,
83
 all reagents were obtained commercially 
and used without purification. Tetrahydrofuran was dried by filtration through an 
activated alumina column. Methanol and Dioxane were dried over 3Å molecular sieves. 
Thin layer chromatography (TLC) was performed on Sorbtech 250 μm layer silica gel 
plates. Plates were visualized with short and long wave UV light. Moisture sensitive 
reactions were run in glassware that was oven dried overnight and cooled under a 
nitrogen atmosphere.   
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2.5.2 Synthesis of Coupling Fragments  
 
 
2-4 
The procedure for 2-4 was adapted from prior literature procedures.
83  
nBuLi (2.5 M in hexanes, 45 mL, 112 mmol, 1.15 eq) was diluted into a flask of 
THF (550 mL) and cooled to –78 °C with stirring.  To this solution was added dropwise a 
solution of 2,5-dibromopyridine (25 g, 107 mmol, 1.1 eq) in THF (100 mL). The reaction 
was stirred for 30 minutes at –78 °C to give the lithiated species as a deep red solution. 
After this time, 4,4-dimethoxycyclohexa-2,5-dienone (15 g, 97.4 mmol, 1 eq) was added 
dropwise. The reaction was stirred for 3 hours at –78 °C after completion of the addition. 
After 3 hours, the reaction was quenched with MeOH and allowed to warm to room 
temperature. The mixture was extracted with ether. After separation of the phases, the 
aqueous layer was washed 3 times with ether (3 x 200 mL). The combined organic layers 
were washed with brine and dried over sodium sulfate before being filtered and 
concentrated down to a yellow oil. The oil was carried on crude.  
The oil from above was dissolved in acetone (250 mL). An equal volume of 10% 
aqueous AcOH (250 mL) was added. The solution was stirred at room temperature for 2 
hours. The acetone was removed by rotary evaporation. The remaining aqueous layer was 
extracted with dichloromethane (3 x 100 mL). The combined organic layers were washed 
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with brine and dried over sodium sulfate before being concentrated down to a brown 
solid. The solid was then purified by recrystallization from absolute ethanol to yield a 
pale tan solid (10.7 g, 42% yield).  M.P: 145-147 °C. 
1
H NMR (400 MHz, CDCl3):  δ 
(ppm)  6.30 (d, J= 10 Hz, 2H, CH=CH), 6.85 ( d, J= 10 Hz, 2H, CH=CH),  7.50  (d, J = 
8.4 Hz, 1H, (3H)pyridine),  7.61 (dd, J= 8.4 Hz, 2.8 Hz, 1H, (4H)pyridine), 8.50 (d, J = 
2.8 Hz, 1 H, (6H)pyridine).    
13
C NMR ( 125 MHz, CDCl3): δ (ppm)  185.14, 149.62, 
148.10, 142.38, 136.35, 134.58, 128.44, 127.98, 69.82  HRMS (Q-TOF, ES+) m/z 
calculated for (M-H)
+
 : 265.98, found (isotopic pattern): 265.97, 266.97, 267.97, 268.99.    
IR (solid): 3396.15, 3096.56, 366.94, 3045.33, 2964.17, 1661.64, 1616.08, 1440.59, 
1387.66, 1237.33, 1175.20, 1092.78, 1016.40, 921.17, 860.78 cm
-1
. 
 
 
2-6 
To a solution of 4-bromo-1-chlorobenzene (14.9 g, 78 mmol, 2.4 eq) in THF (225 
mL) at –78 °C was added nBuLi (2.5 M in hexanes,  31 mL, 78 mmol, 2.0 eq). The 
solution was stirred for 30 minutes at –78 °C and generated a cloudy white suspension.  
In a separate flask, NaH (1.6 g, 60% suspension in mineral oil, 41 mmol, 1.2 eq) 
was suspended in THF (150 mL) and cooled to –78 °C. Pyridyl ketone 2-4 (9.1 g, 34 
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mmol, 1.0 eq) was dissolved in THF (50 mL) and added dropwise via cannula to the NaH 
suspension. The mixture was stirred for 2 hrs at –78 °C. At this time, 4-chlorophenyl 
lithium was transferred dropwise via cannula into the NaH/ketone mixture. The reaction 
was stirred for 3 hrs at –78 °C, during which the reaction turned a yellow-brown color. 
Next, MeI (10.6 mL, 170 mmol, 5 eq) and DMF (75 mL) were added and the reaction 
was allowed to warm to room temperature and stir for 18 hrs. Water (100 mL) and ether 
(250 mL) were added and the phases were allowed to separate. The aqueous layer was 
washed with ether (3 x 250 mL). The combined organic phases were washed with brine 
before being dried over sodium sulfate.  Solvent was removed under reduced pressure to 
give a brown solid. The crude material was purified by washing with hexanes and 
recrystallization from hot ethanol (7 g, 51% ) M.P:  107-109° C. 
1
H NMR (500 MHz, 
CDCl3): δ (ppm) 3.41 (s, 3H), 3.42 (s, 3H), 6.03 (d, J= 8 Hz, 2H), 6.17 (d, J= 8 Hz, 2H), 
7.30 (bs, 4H), 7.41 (d, J= 8.4 Hz, 1H (3H) pyridine), 7.53 (dd, J= 8.4, 2.6 Hz, 1H, (4H) 
pyridine), 8.31 (d, J= 2.6 Hz, 1H, (6H) pyridine. 
13
C NMR (125 MHz, CDCl3): δ (ppm) 
148.63, 141.64,141.54, 138.77, 136.67, 134.53, 134.08, 132.80, 129.08, 127.95, 127.50, 
74.38, 73.52, 52.40, 52.28.  HRMS (Q-TOF, ES+) m/z calculated for (M+H)
+
 406.0208 
found 406.0208  IR:  2991.50, 2923.77, 2853.99, 2820.38, 1571.89, 1485.67, 1448.97, 
1398.08, 1360.57, 1171.21, 1070.45, 1014.76, 946.53, 831.79, 732.40 cm
-1
. 
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2-2 
nBuLi ( 2.5 M in hexanes, 1.79 mL, 4.48 mmol, 2.4 eq) was diluted in THF (25 
mL) at –78 °C. This solution was allowed to cool for 30 minutes with stirring.  To this 
was added via cannula a solution of 2,5-dibromopyridine (1.1 g, 4.48 mmol, 2.4 eq) in 
THF (5 mL). The deep red solution was stirred for 30 minutes at –78 °C.  
In a separate flask, NaH (0.100 g, 2.26 mmol, 1.2 eq, 60% in mineral oil) was 
suspended in THF (7 mL) and cooled to –78 °C.  Ketone 2-4  (0.500 g, 1.87 mmol, 1 eq) 
was dissolved in THF (5 mL), and transferred into the NaH solution by cannula. After 
stirring at –78 °C for 2 hours, the lithiated 2-bromopyridine was transferred by cannula to 
this solution. The reaction was stirred for 3 hours at –78 °C. After this time, methyl 
iodide (0.7 mL, 11.2 mmol, 6 eq) and DMF (15 mL) were added. The flask was raised 
out of the bath and allowed to warm to room temperature over 20 hours.  Water (50 mL) 
and ether (50 mL) were added and the phases were allowed to separate. The aqueous 
layer was washed with ether (3 x 100 mL). The combined organic phases were washed 
with brine before being dried over sodium sulfate.  Solvent was removed under reduced 
pressure to give a brown solid. The crude material was recrystallized from hot ethanol 
yielding a light tan solid (0.350 g, 43%)  M.P: 197-198° C.    
1
H NMR (400 MHz, 
CDCl3): δ (ppm) 3.42 (s, 6H, OMe), 6.13 (s, 4H, CH=CH), 7.44 (d, J = 8.2 Hz, 2H, (3H) 
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pyridine), 7.51 (dd, J = 8.2 Hz, 2.2 Hz, 2H, (4H)pyridine),  8.35 (d, J = 2.2 Hz, 2H, (6H) 
pyridine).        
13
C NMR (125 MHz, CDCl3):  δ (ppm) 148.47, 141.84, 138.35, 136.45, 
133.73, 128.17, 73.29, 52.41.  HRMS (Q-TOF, ES+) m/z calculated for (M+H)
+
: 452.96, 
found ( isotopic splitting): 450.9650, 451.9816 452.9576, 453.9756, 454.9624, 455.9807. 
IR(solid): 3063.28, 3008.14, 2993.89, 2938.20, 2895.93, 2822.18, 1574.34, 1556.19, 
1446.25, 1403.31, 1359.30, 1288.66, 1276.21, 1232.90, 1180.04, 1079.54, 1054.02, 
1025.20, 1007.93, 951.69, 901.21, 833.22 cm
-1
.  
 
2-5 
To a solution of 1,4-dibromobenzene (10.5 g, 45 mmol, 2.4 eq) in THF (225 mL) 
at –78 °C was added nBuLi ( 2.5 M in hexanes,  19 mL, 47 mmol, 2.5 eq). The solution 
was stirred for 30 minutes at –78 °C and generated a cloudy white suspension.  
In a separate flask, NaH (0.9 g, 60% suspension in mineral oil, 27 mmol, 1.2 eq) 
was suspended in THF (80 mL) and cooled to –78 °C. Pyridyl ketone 2-4 (5 g, 19 mmol, 
1 eq) was dissolved in THF (15 mL) and added dropwise via cannula to the NaH 
suspension. The mixture was stirred for 2 hrs at –78 °C. At this time, lithiated 
bromobenzene was transferred dropwise via cannula into the NaH/Ketone mixture. The 
reaction was stirred for 3 hrs at –78 °C, during which the reaction turned a yellow-brown 
color. Next, MeI (5.8 mL, 94 mmol, 5 eq) and DMF (45 mL) were added and the reaction 
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was allowed to warm to room temperature and stir for 18 hrs. Water (100 mL) and ether 
(250 mL) were added and the phases were allowed to separate. The aqueous layer was 
washed with ether (3 x 100 mL). The combined organic phases were washed with brine 
before being dried over sodium sulfate.  Solvent was removed under reduced pressure to 
give a brown solid. The crude material was purified by column chromatography (silica 
gel, eluted with 30% ethyl acetate in hexanes) to recover a pale yellow solid which was 
then recrystallized from hot ethanol to give a light tan solid (4.2 g, 50%)  M.P.:  124-125° 
C. 
1
H NMR (500 MHz, CDCl3): δ (ppm)  3.40 (s, 3H), 3.42 (s, 3H), 6.03 (d, J= 10 Hz, 
2H), 6.16 (d, J = 10 Hz, 2H), 7.24 (d, J = 8.8 Hz, 2H), 7.41 (d, J = 9.3 Hz, 1H, (3H) 
pyridine), 7.46 (d, J = 8.8 Hz, 2H) 7.54 (dd, J = 9.3, 3 Hz, 1H (4H) pyridine), 8.31 (d, J = 
3 Hz, 1H, (6H) pyridine). 
13
C NMR (125 MHz, CDCl3): δ (ppm) 148.75, 141.75, 141.67, 
138.89, 136.79, 134.65, 134.22, 132.92, 129.21, 128.08, 127.62, 74.51, 73.65, 52.52, 
52.40.        HRMS (Q-TOF, ES+) m/z calculated for (M+H)
+
: 449.9704 found 449.9720.  
IR: 2973.01, 2938.59, 2894.08, 2817.70, 1569.93, 1554.05, 1481.75, 1446.55, 1393.22, 
1359.96, 1288.06, 1174.99, 1065.40, 1029.45, 1017.71, 1003.98, 991.87, 945.77, 835.59 
cm
-1 
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1-13 
1-13 was synthesized from a literature procedure and the spectra matched those 
reported previously.
84
  
 
 
2-7 
 
2-6 (5.8 g, 14.3 mmol, 1 eq) was added to a dry flask and dissolved in dry THF ( 200 
mL). The solution was cooled to –78 °C. nBuLi (2.5 M in hexanes, 6.3 mL, 15.7 mmol, 
1.1 eq) was added dropwise over 5 minutes resulting in a deep reddish-purple solution. 
After stirring at –78 °C for 10 minutes, 4,4-dimethoxycyclohexa-2,5-dienone  (2.8 g, 18.5 
mmol, 1.3 eq) was added neat. The solution then turned yellow. The reaction was stirred 
for 1 hour before being quenched with H2O. The aqueous layer was then washed with 
diethyl ether (3 x 100 mL). The combined organic layers were washed with brine and 
dried over Na2SO4, and concentrated down to a yellow oil. The oil was dissolved in 
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acetone (50 mL) and 10% aqueous AcOH was added (50 mL). The solution was stirred at 
room temperature for 2 hours. The solution was neutralized with sodium bicarbonate and 
extracted with diethyl ether (3 x 100 mL). The combined organic layers were washed 
with brine and dried over Na2SO4. The solution was concentrated under reduced pressure 
to yield a yellow solid. The solid was washed alternately with cold EtOH and hexanes to 
give a white solid (4 g, 65%). M.P: 156-159 °C.   
1
H NMR (400 MHz, CDCl3): δ (ppm) 
3.42 (s, 3H), 3.45 (s, 3H), 6.05 (d, J = 11 Hz, 2H), 6.20 (d, J = 11 Hz, 2H), 6.28 (d, J = 
10.2 Hz, 2H), 6.75 (d, J = 10.2 Hz, 2H), 7.20 (d, J  = 8.4 Hz, 1H), 7.32 (s, 4H), 7.69  (dd, 
J = 8.4, 1.6 Hz, 1H), 8.56 (d, J = 1.6 Hz, 1H).   
13
C NMR (100 MHz, CDCl3): δ (ppm)  
185.86 154.71, 150.75, 146.40, 141.62, 139.70, 135.93, 134.53, 134.05 132.81, 129.00, 
128.20, 127.40, 120.40, 74.27, 73.58, 70.97, 52.36, 52.27.  HRMS (Q-TOF, ES+) m/z 
calculated for (M+H)
+
: 436.1316 found 436.1303.     IR: 2937.72, 2901.86, 2819.89, 
2106.20, 1666.80, 1627.39, 1481.47, 1401.21, 1075.41, 954.39, 856.75, 725.67    cm
-1
. 
 
 
2-9 
Ketone 2-7 (1 g, 2.3 mmol, 1 eq) and 1-bromo-4-chlorobenzene (0.96 g, 5.0 
mmol, 2.2 eq) were added to a dry round bottom flask and dissolved in dry THF (75 mL). 
The solution was cooled to –78 °C for 1 hour. To this solution was added NaH (0.100 g, 
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2.8 mmol, 1.2 eq, 60% suspension in mineral oil) as a solid. The reaction was stirred for 2 
hours. After 2 hours, nBuLi (2.2 mL, 5.6 mmol, 2.4 eq) was added dropwise. The 
reaction was stirred for 2 hours at which time MeI (1.43 mL, 23.0 mmol, 10 eq) and dry 
DMF (10 mL) were added. The reaction was allowed to warm to room temperature 
overnight while stirring for 18 hours. The reaction was quenched with H2O and extracted 
with diethyl ether (3 x 75 mL). The combined organic layers were washed with brine, 
dried with Na2SO4 and concentrated under reduced pressure to give a solid. The solid was 
washed with cold hexanes to give the product as a white powder (0.90 g, 70%).  M.P: 
196.5-203.0 ° C       
1
H NMR (400 MHz, CDCl3): δ (ppm) 3.42 (s, 3H), 3.43 (s, 3H), 3.45 
(s, 3H), 3.46 (s, 3H), 6.05 (d, J = 10.4 Hz, 2H), 6.07 (d, J = 10.4 Hz, 2H), 6.13 (d, J = 
10.4 Hz, 2H), 6.14 (d, J = 10.4 Hz, 2H), 7.24 (d, J = 8.4 Hz, 2H), 7.31 (d, J = 8.8 Hz, 
2H), 7.32 (d, J = 8.8 Hz, 2H), 7.51 (d, J = 8.4 Hz, 1H) 7.56 (d, J = 8.4 Hz, 2H), 7.65 ( dd, 
J = 8.4, 2.4 Hz, 1H), 8.59, (d, J = 2.4 Hz, 1H).     
13
C NMR (125 MHz, CDCl3): δ (ppm) 
161.50, 147.51, 142.26, 141.97, 138.24, 134.72, 133.23, 132.58, 129.05, 128.55, 128.11, 
127.64, 120.71, 76.28, 75.07, 74.49, 73.77, 52.44, 52.39, 52.35.     HRMS (Q-TOF, ES+) 
m/z calculated for (M+H)
+
:  576.1708 found 575.1733.     IR: 3021.35, 2939.41, 2896.21, 
2822.54, 1589.80, 1469.47, 1399.98, 1368.22, 1086.13, 1019.97, 949.52, 829.01, 760.28, 
729.90   cm
-1
. 
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2-11 
 
Dichloride 9 (0.870 g, 1.51 mmol, 1 eq), B2Pin2 (2.3 g, 9.06 mmol, 6.0 eq), 
Pd(OAc)2 (0.030  g, 0.109 mmol, 0.1 eq), S-Phos (0.250 g, .604 mmol, 0.4  eq), and 
K3PO4 (ground, oven-dried, 1.92 g, 9.06 mmol, 6.0 eq) were added to a dry flask. The 
flask was evacuated and backfilled with nitrogen 3 times. Dry DMF was sparged with 
nitrogen for a minimum of 1 hr. DMF (40 mL) was added to the flask containing the 
solids via cannula. The mixture was stirred at 70 °C overnight. The mixture was cooled to 
room temperature and filtered through a pad of celite with a top layer of activated carbon. 
The filtrate was extracted between DCM and H2O. The combined organic layers were 
washed 5 times with H2O to remove trace DMF, followed by brine, before finally being 
dried over Na2SO4. The solvent was concentrated under reduced pressure to yield a white 
solid. The solid was washed with hexanes to give the pure product (0.487 g, 45%).
  
M.P.: 
232-234 °C.  
1
H NMR (400 MHz, CDCl3): δ (ppm): 1.33 (m, 24H), 3.45 (multiplet, 
12H), 6.12 (m, 8H), 7.39 (m, 3H), 7.55 (m, 3H), 7.75 (m, 4H), 8.73 (bs, 1H).    
13
C NMR 
(100 MHz, CDCl3): δ (ppm)  160.94, 147.54, 146.51, 146.12,138.06, 135.22, 
134.86,134.59,134.52, 134.07,132.77, 132.16, 125.60, 125.27, 120.35, 83.90, 83.81, 
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75.96, 75.31, 74.77, 73.75, 53.57, 52.11, 51.25, 51.12, 52.07, 25.15, 25.02, 24.97, 24.96, 
24.70.   HRMS (Q-TOF, ES+) m/z calculated for (M+H)
+
:  760.4207 found 760.4200. IR: 
2979.31, 2947.79, 2932.18, 2826.17, 1608.24, 1473.72, 1392.65, 1357.53, 1320.74, 
1273.64, 1143.18, 1081.09, 1015.54, 950.24, 854.17, 757.56 cm
-1
.  
 
 
2-8 
2-8 was prepared from literature procedures, and the NMR matched those 
reported.
84
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2-10 
2-10 was prepared from literature procedures, and the NMR matched those 
reported.
84
  
 
2-12 
2-12 was prepared from literature procedures, and the NMR matched those 
reported.
84
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2-14 
Dibromide 2-2 (0.585 g, 1.3  mmol, 1 eq), diboronate 2-12 (1.0 g,1.3 mmol, 1 eq), 
n
Bu4Br 
(0.084 g,0 .26  mmol, .2 eq) and Pd(PPh3)4  (0.150 g, .13 mmol, .1 eg,) NaHCO3 (1.1 g, 
13 mmol, 10 eq)  were charged to a dried flask, which was then purged with argon. 
Toluene (225mL), methanol (25 mL), and water 13 mL (to make base 1 M in H2O) were 
degassed with nitrogen and were added to the flask by cannula. The mixture was heated 
to 90° and stirred for 24 hours. The reaction was cooled to room temperature and diluted 
with water. The organic layer was washed with brine and dried over sodium sulfate. The 
organic layer was concentrated down under reduced pressure to a yellow solid. The solid 
was purified by column chromatography (silica gel, eluted with 30% ethyl acetate in 
DCM) to recover a white solid. Material was further purified by washes with cold ethyl 
acetate (0.257 mg, 25%).  M.P.: decomposed above 285 °C. 
1
H NMR (500 MHz, CDCl3):  
δ (ppm)  3.40-3.48 (m, 18H, OMe), 6.02-6.17 (m, 8H), 6.22 (d, J= 10 Hz, 2H), 6.32 (d, 
J= 10.0 Hz, 2H) 7.13 (d, J= 8.6 Hz, 2H), 7.39 (d, J= 8.6 Hz, 2H), 7.50 (m, 12H), 7.93 (m, 
2H), 8.26 (m, 1H). 
13
C NMR( 125 MHz, CDCl3): δ (ppm)  52.11, 52.39, 52.41, 52.43, 
52.50, 74.29, 74.41, 74.92, 75.01, 76.13, 119.73, 126.49, 126.52, 126.53, 127.04, 127.13, 
132.91, 133.06, 133.10, 133.61, 133.87, 134.65, 135.18, 135.83, 143.10, 143.58, 148.57, 
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156.25. MALDI-TOF m/z calculated for 795.36 found 795.45 and 767.27 (loss of 
methoxy, MeO
-
).  IR: 2982.08, 2926.45, 2896.41, 2823.05, 1588.95, 1489.97, 1080.63, 
1069.34. 1013.93, 977.65, 851.94 cm
-1
. 
 
 
2-15 
Dibromide 2-5 (0.415 g, .92 mmol, 1 eq), diboronate 2-12 (0.700 g, .92 mmol, 1 eq),  
n
Bu4NBr (0.323 g, .184 mmol, .2 eq) and Pd(PPh3)4 (0.106 g, .092 mmol, .1 eq), and 
NaHCO3 (0.865 g, 10.03 mmol, 10 eq) were charged to a dried flask, which was then 
evacuated and backfilled with N2 three times. Degassed toluene (118 mL), methanol (13 
mL) and H2O (10 mL to make base 1M in H2O) were added. The mixture was heated to 
90° and stirred for 24 hours. The reaction was cooled to room temperature and diluted 
with H2O. The organic layer was washed with brine and dried over sodium sulfate. The 
organic layer was concentrated down under reduced pressure to a yellow solid. The solid 
was purified by column chromatography (silica gel, 30% ethyl acetate in DCM eluent) to 
give a white solid (140 mg, 20%). M.P:  decomposes above 290 °C .  
1
H NMR (500 
MHz, CDCl3):  δ (ppm)  3.40 ( s, 6H, OMe), 3.46 (s, 6H, OMe), 3.48 (s, 6H, OMe), 6.05 
(d, J = 10 Hz, 4H, CH=CH), 6.13 (d, J = 10 Hz, 4H, CH=CH),  6.28 (s, 4H, CH=CH),  
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7.51-7.57 (m, 12H), 7.92 (d, J = 8.5 Hz, 4H), 8.29 (dd, J  = 2 Hz, 1 Hz, 2H).    
13
C NMR 
(125 MHz, CDCl3): δ (ppm) 52.11, 52.41, 52.49 (OCH3), 74.33, 74.85, 74.93 (C-OMe), 
119.99, 126.45, 126.52, 127.20, 133.09, 133.66, 133.79, 134.93, 135.42, 138.28, 143.57, 
144.79, 148.12, 156.64. MALDI-TOF m/z calculated for     796.35 found M+H 797.52          
IR: 3021.87, 2983.37, 2919.76, 2849.63, 2820.85, 1588.73, 1471.24, 1389.76, 1229.40, 
1080.66, 1067.69, 100.80, 101.88, 977.94, 828.64, 661.64, 610.24, 543.32 cm
-1
.  
 
2-X 
Dibromide 2-2 (0.178 g, .395 mmol, 1 eq), diboronate 2-11 (0.300 g, .395 mmol, 1 eq), 
n
Bu4Br (0.025 g, .079 mmol, .2 eq) and Pd(PPh3)4  (0.050 g, .040 mmol, 0.1 eq), and 
NaHCO3 (0.336 g, 4 mmol, 10 eq) were charged to a dried flask, which was then 
evacuated and backfilled with N2 three time. Degassed toluene (180 mL), methanol (20 
mL), and H2O (4 mL to make base 1M)  were added. The mixture was heated to 90° and 
stirred for 24 hours. The reaction was cooled to room temperature and diluted with H2O. 
The organic layer was washed with brine and dried over sodium sulfate. The organic 
layer was concentrated down under reduced pressure to a yellow solid. The solid was 
purified by column chromatography (silica gel, 40% ethyl acetate in DCM eluent) to 
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recover a white solid (16 mg, 16%). M.P:  decomposes above 275 °C.  
1
H NMR (500 
MHz, CDCl3):  δ (ppm) 3.42-3.51 (m, 18H), 6.09-6.29 (m, 12H), 7.40 (dd, J = 8.3, 2.3 
Hz, 1H), 7.49-7.61 (m, 8H), 7.84 (dd, J= 8.3, 2.3 Hz, 1H), 7.88-7.95 (m, 4H) 8.30 (s, 
1H), 8.32 (s, 1H),  8.80 (d, J= 2.3 Hz, 1H).     
13
C NMR (125 MHz, CDCl3): δ (ppm)   
161.47, 156.55, 156.28, 148.04, 147.92, 144.44, 144.18, 134.85, 134.73, 134.70, 134.67, 
134.48, 133.68, 133.57, 131.99, 131.70, 127.06, 126.41, 126.22, 120.83, 119.78, 119.72, 
75.39, 74.90, 74.80, 74.72, 74.52, 72.96, 52.36, 52.34, 52.32, 52.7, 51.95..            . 
MALDI-TOF m/z calculated for 797.35 found M+H 799.56.  IR: 3023.48, 2934.55, 
2896.36, 2821.97, 1590.17, 1556.03, 1470.44, 1393.41, 1226.72, 1175.48, 1114.17, 
1073.51, 1013.99, 948.06, 825.41, 771.33, 753.23, 729.87, 662.01, 645.03, 609.54, 
572.57, 542.50 cm
-1
.  
 
2-17 
To a dry flask charged with 15 mL of THF was added sodium metal (0.2 g, 8.3 
mmol) and naphthalene (1.2 g, 9.36 mmol). The solution was stirred for 15 hours at room 
temperature during which time a dark green solution of sodium naphthalide formed.  
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Macrocycle 2-14 (0.200 g, .250 mmol, 1 eq) was dissolved in dry THF (20 mL) 
and cooled to –78 °C. To this solution, sodium naphthalide was added dropwise until the 
solution sustained a dark purple color (approximately 2 eq. per OMe, 3 mL naphthalide). 
The reaction was stirred for an additional 30 minutes at –78 °C. The reaction was 
quenched with a solution of I2 in anhydrous THF. The solution was warmed to room 
temperature. The mixture was extracted between DCM and sodium thiosulfate to quench 
excess iodine.  The aqueous layer was extracted with DCM (3 x 10 mL). The combined 
organic layers were washed with brine and dried over sodium sulfate. The solvent was 
removed under reduced pressure to yield an orange solid. The solid was purified by a 
silica gel column (5% ether/DCM eluent) followed by preparative TLC with the same 
solvent system (silica, 5% ether/DCM eluent). The pure product was received as an 
yellow solid (86 mg, 56%). M.P: decomposed above 250 °C. 
1
H NMR (400 MHz, 
CDCl3):  δ (ppm) 7.43-7.61 (m, 28H), 7.81-7.84 (m, 2H), 8.76 (s, 1H). 
13
C NMR( 125 
MHz, CDCl3): δ (ppm) 153.99, 140.85, 137.62, 17.60, 137.47, 137.45, 137.43, 137.42, 
134.67, 132.45, 130.16, 128.25, 127.6, 127.51, 127.47, 119.04. MALDI-TOF m/z 
calculated for 609.25 found 609.9299. IR: 3023.23, 2923.53, 2853.57, 1588.84, 1478.80, 
1466.88, 1390.43, 1364.01, 1261.03, 1223.73, 1054.72, 995.62, 816.05, 740.80, 523.12. 
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2-18 
To a dry flask charged with 15 mL of THF was added sodium metal (0.2 g, 8.3 
mmol) and naphthalene (1.2 g, 9.36 mmol). The solution was stirred for 15 hours at room 
temperature during which time a dark green solution of sodium naphthalide formed.  
Macrocycle 2-15 (0.174 g, 219 mmol, 1 eq) was dissolved in dry THF (20 mL) 
and cooled to –78 °C. To this solution, sodium naphthalide was added dropwise until the 
solution sustained a dark purple color (approximately 2 mL of 1 M sodium naphthalide). 
The reaction was stirred for an additional 3 hours at –78 °C. The reaction was quenched 
with a solution of I2 in anhydrous THF (1 mL of 1 M solution). The solution was warmed 
to room temperature. The reaction was extracted between DCM and saturated sodium 
thiosulfate to quench excess iodine.  The aqueous layer was extracted with DCM (3 x 10 
mL). The combined organic layers were washed with brine and dried over sodium 
sulfate. The solvent was removed under reduced pressure to yield an orange solid. The 
solid was washed with hexanes to remove excess naphthalene. The solid was then 
purified by preparative TLC (silica, 3% MeOH/DCM eluent). The pure product was 
received as a yellow solid (72 mg, 55%). M.P: decomposes above 236 °C. 
1
H NMR (500 
MHz, CDCl3):  δ (ppm) 7.26-7.86 (m, 28H), 8.75 (s, 2H). 
13
C NMR (125 MHz, CDCl3): 
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δ (ppm) 154.24, 146.86, 138.86, 137.91, 137.64, 137.04, 136.94, 135.31, 132.72, 130.13, 
128.28, 127.66, 127.52, 127.47, 127.41, 127.02, 119.07. MALDI-TOF m/z calculated for  
610.24 found M+H 611.26.  IR: 2967.17, 2879.48, 1472.31, 880.07, 829.87, 739.22, 
555.87 cm
-1
. 
 
 
2-19 
 
To a dry flask charged with 15 mL of THF was added sodium metal (0.2 g, 8.3 
mmol) and naphthalene (1.2 g, 9.36 mmol). The solution was stirred for 15 hours at room 
temperature during which time a dark green solution of sodium naphthalide formed.  
Macrocycle 2-16 (0.050 g, .063 mmol, 1 eq) was dissolved in dry THF (15 mL) 
and cooled to –78 °C. To this solution, sodium naphthalide was added dropwise until the 
solution sustained a dark purple color (approximately 2 eq per OMe). The reaction was 
stirred for an additional 30 mins at -78 °C. The reaction was quenched with a solution of 
I2 in anhydrous THF. The solution was warmed to room temperature. The mixture was 
extracted between DCM and sodium thiosulfate to quench excess iodine.  The aqueous 
layer was extracted with DCM (3 x 10 mL). The combined organic layers were washed 
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with brine and dried over sodium sulfate. The solvent was removed under reduced 
pressure to yield an orange solid. The solid was washed with a small amount of hexanes 
to remove most of the excess naphthalene. The residue was then purified by preparative 
TLC (silica, 20% ether/DCM eluent). The pure product was received as an yellow solid 
(19 mg, 50%). M.P:  decomposed above 230 °C.   
1
H NMR (500 MHz, CDCl3):  δ (ppm) 
7.51-7.61 (m, 17h), 7.79-7.86 (M, 9H), 8.75-8.77 (m, 3H).  
13
C NMR( 125 MHz, CDCl3): 
δ (ppm)   154.13, 154.11, 153.94, 146.89, 138.83, 138.48, 138.40, 137.79, 137.30, 
137.23, 135.26, 135.23, 135.02, 132.67, 132.65, 132.59, 130.22, 130.09, 128.29, 128.23, 
127.77, 127.76, 127.47, 127.17, 127.02, 119.20, 119.15, 119.06 ppm. MALDI-TOF m/z 
calculated for 611.24 found M+H 612.32.  IR: 3025.64, 2924.07, 2853.50, 1732.88, 
1566.90, 1462.86, 1363.06, 1263.26, 1226.00, 1174.07, 1153.48, 1113.62, 1077.24, 
1014.81, 947.99, 911.16, 818.67, 740.44, 699.28, 663.76, 649.69, 609.87, 559.83, 523.85.  
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Chapter 3  
 
Properties, Computational Studies, and Preliminary Investigations 
Of the Applications of Nitrogen-doped Cycloparaphenylenes 
 
3.1 Introduction 
 
 While the synthesis of these structurally novel molecules is important, we were 
equally interested in fundamentally understanding how substitution alters the behavior of 
the molecules. Not only would this broaden the understanding of the unique properties of 
CPPs’, but this knowledge will help guide synthesis and the development of applications 
in the future. Thus, alongside the synthesis, we thoroughly explored nitrogen substituted 
[8]CPP analogs utilizing DFT calculations. With the synthesis complete, we were able to 
empirically measure the properties of these molecules and correlate them with theory.  In 
this chapter, we describe the computational study of a series of N-[8]CPPs. We present 
the optoelectronic properties and their altered behavior in the presence of acid. Finally, 
we detail preliminary investigations of the incorporation of both carbon CPPs and 
nitrogen-doped CPPs into electrodes for supercapacitor applications.  
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3.2 Computational Investigation of N-Doped CPPs 
 
 Geometry minimization and frequency calculations of nitrogen-doped [8]CPPs 
were performed using TD-DFT at the 6-31g* B3LYP level of theory in Gaussian 09. As 
expected, the minimized geometries showed a staggered orientation between the 
individual rings (Figure 3.1), as seen with the carbon CPPs.
8
 However, whereas the 
carbon CPP dihedral angles vary between 33° and 34°, the N-doped structures show 
greater variation from angles as low as 0.83° up to 33.5°. This change is attributed to the 
reduced steric hindrance between the nitrogen lone pair and adjacent aryl C-H. Earlier 
studies of carbon CPPs found that the smaller sizes had reduced dihedral angles 
compared to larger sized hoops (n>10). The smaller hoops also have decreased quantum 
yields. This suggests that the smaller hoops, with their reduced sterics, were structurally 
more flexible resulting in the sharp drop of the quantum yields from 0.9 for [12]CPP to 
0.1 for [8]CPP.
85
 Based on these geometries, we predicted that the nitrogen-doped CPPs 
would have lower quantum yields compared to the all carbon [8]CPP (vide infra).    
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Figure 3.1 Minimized geometries and dihedral angles of N-doped CPPs. 
 
Next, we looked at the effect that the nitrogen atoms were having on the HOMO-
LUMO energies (Figure 3.2). We anticipated that the addition of each subsequent 
electronegative nitrogen atom would result in a decrease in orbital energy levels, though 
whether both the HOMO and LUMO would be affected equally remained unclear. 
Substitution of C-H bonds for nitrogen atoms in other aromatic systems previously has 
shown that the HOMO and LUMO may be stabilized to different degrees, which can red- 
or blueshift optical absorptions depending on the particular system.
86,87
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We examined N-[8]CPPs containing up to 4 nitrogen atoms in various 
arrangements. As seen in Figure 3.2, the expected trend of the HOMO and LUMO 
stabilization is corroborated computationally. Incorporating up to 4 nitrogen atoms does 
lower the HOMO and LUMO energies appreciably as compared to [8]CPP. The most 
dramatic change however comes from quaternization of the structure containing a single 
nitrogen (H-1N-[8]CPP
+
) with the LUMO dropping to -5.59 eV and the HOMO dropping 
to -7.08 eV.  
 Further inspection of the MOs revealed that the LUMO and higher unoccupied 
orbitals were stabilized to a greater extent than the HOMO and other occupied frontier 
orbitals. This disparity indicated that any excitation transitions would be of lower energy 
than those of [8]CPP and therefore the absorption spectra were expected to redshift. 
 We next compared the localization of both the HOMOs and LUMOs of the N-
doped series to those of [8]CPP. Spatial orientation of Frontier Molecular Orbitals 
(FMOs) is an important consideration when studying highly conjugated systems, as the 
localization or delocalization can explain observed properties. Fully delocalized HOMOs 
and LUMOs are most common and are exploited for charge transport in organic 
seminconductors.
88
 Polarized molecules that exhibit localized and separated HOMOs and 
LUMOs are ideal for generating charge-separated states in photovoltaic devices such as 
solar cells and non-linear optics.
89-92
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Figure 3.2 Calculated HOMO and LUMO energies for a series of N-doped [8]CPPs. 
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  For [8]CPP, both the HOMO (Figure 3.3) and LUMO (Figure 3.4) are 
distributed evenly around the hoop. As nitrogen is added to the structure, the HOMO 
remains evenly distributed. The LUMO, however, begins to have greater coefficients 
around the electron-deficient pyridine rings. Examination of the N-methyl-1N-[8]CPP
+
 
shows a sharp localization of both the HOMO and LUMO, in line with the presence of 
the formal charge on the nitrogen atom.  
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Figure 3.3 Localization of the Highest Occupied Molecular Orbitals (HOMOs) (A) top 
down view and (B) side-on view. 
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Figure 3.4 Localization of the Lowest Unoccupied Molecular Orbitals (LUMOs) (A) top 
down view and (B) side-on view. 
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3.3 Optical and Electronic Properties of N-Doped [8]CPPs 
 
3.3.1 Absorption and Emission Spectroscopy 
 
 With the completion of the synthesis, we first studied the absorbance and 
emission spectra. [8]CPP has an absorption maximum at 340 nm. The N-doped CPPs all 
have the same redshifted absorption maximum at 350 nm (Figure 3.5). As with the 
carbon CPPs
23
, the excitation from the HOMO → LUMO is symmetry forbidden with 
very little oscillator strength. Only minor shoulder peaks can be observed corresponding 
to the HOMO→ LUMO transition.  The absorptions are instead a combination of mainly 
the HOMO→LUMO+2 and HOMO-2→LUMO transitions with a minor contribution 
from HOMO→LUMO+1. The emission spectra for the N-[8]CPPs are also redshifted 
slightly (Figure 3.5). [8]CPP emits at 533 nm.
85
 Similar to the absorption, the emission 
maxima redshifts slightly with each added nitrogen atom: 1N-[8]CPP emits at 539 nm, 
2N-[8]CPP at 542 nm, and 3N-[8]CPP at 544 nm. This increase is likely due to the 
increased planarity of the nitrogen analogs (as evidenced by reduced dihedral angles) 
compared to [8]CPP.
19
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Figure 3.5 Absorption and Emission spectra for N-CPPs containing 1 (blue), 2 (orange) 
and 3 (green). 
 
Quantum yields were measured for the N-doped CPP series relative to anthracene 
and quinine sulfate standards. [8]CPP  has a relatively low quantum yield of 10%.
85
 We 
posited that the greater structural flexibility of the N-doped series due to the elimination 
of aryl C-H interactions would decrease the quantum yields further. The quantum yield 
decreases to 6% for 1N-[8]CPP, 5% for 2N-[8]CPP, and 4% for 3N-[8]CPP.  
 Itami previously reported a reversible halochromic shifting of absorption and 
emission of a nitrogen doped [18]CPP in the presence of a protic acid.
70
 We tested the 
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response of the N-doped [8]CPP series to HCl in a similar fashion. Upon addition of a 
single drop of aqueous HCl to a solution of CPP in DCM, the solution visually turns from 
yellow to orange. As more acid is added, CPP solubility becomes poor and the solution 
turns opaque (Figure 3.6).  
 
Figure 3.6 Upon addition of HCl to solutions of N-[8]CPPs in DCM the fluorescence 
diminishes and solubility decreases. 
 
 The UVVis and fluorescence spectra in the presence of HCl show maxima that 
are redshifted with significant shoulders appearing in the UVVis of 1N and 2N-[8]CPPs 
(Figure 3.7). The emission maxima for 1N- and 2N-[8]CPP redshift cleanly by 
approximately 50 nm. The emission peak of 3N-[8]CPP redshifts less, with a broadened 
maxima centered at 575 nm (compared to 544 for neutral 3N-[8]CPP). Upon treatment 
with NaHCO3, the solutions are neutralized and the original absorption and emission 
maxima are restored.  
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Figure 3.7 Absorption and Emission spectra for N-CPPs containing 1 (blue), 2 (orange) 
and 3 (green) nitrogen atoms in the presence of HCl. 
 
3.3.2 Redox Properties of N-doped CPPs  
 
 We examined the redox properties of the N-[8]CPPs next. Cyclic voltammetry 
curves were obtained in either dry DCM (oxidations) or dry THF (reductions) with a 
glassy carbon working electrode, platinum wire counter electrode, and saturated Ag/AgCl 
reference or Ag/Ag+ quasi-reference electrode with 
n
Bu4PF6 as the supporting 
electrolyte. To ensure uniformity between measurements, samples were referenced 
against the Fc/Fc
+
 couple. The oxidation and reduction curves for [8]CPP are shown in 
Figure 3.8.  The oxidation potential for [8]CPP had been reported as E½=+0.6 V vs. 
Fc/Fc
+
 in C2H2Cl4 which was later confirmed in our lab.
23,93
  No reduction values have 
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been reported for [8]CPP.  We measured the reduction to be E½= –2.31 V vs.  Fc/Fc
+
 
in THF.   
 
Figure 3.8 CV of [8]CPP A) previously reported oxidation vs. Fc/Fc
+
 in DCM (.1M 
n
Bu4PF6)
93
 and B) reduction vs. Fc/Fc
+
  in THF (.1M 
n
Bu4PF6).  
 
Considering the computationally predicted trends of orbital lowering, we expected 
the reductions to become easier and the oxidations to become more difficult for the N-
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doped structures compared to [8]CPP. The oxidations for all N-[8]CPPs are irreversible 
(Figure 3.9). The oxidation onsets become higher with nitrogen content. Because the 
scan rate, solvent, and electrolyte can all affect the onset and maxima, no firm 
conclusions can be made about the oxidations, though it looks as though they become 
more difficult upon addition of nitrogen as expected. Variation of scan rate did not appear 
to alter the irreversibility of the process.   
 
Figure 3.9 Oxidation curves for N-[8]CPPs vs. Fc/Fc
+
 in DCM (0.1 M 
n
Bu4PF6 , 100 
mV/s).  
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The reduction curves for the N-[8]CPPs are shown in Figure 3.10. Addition of 1 
nitrogen marginally raises the potential to E½= –2.29 V vs. Fc/Fc
+ 
(compared to –2.31 for 
[8]CPP). 2N-[8]CPP has a half-wave potential of E½= –2.26 vs. Fc/Fc
+ 
and 3N-[8]CPP 
has a half-wave potential of E½= –2.19 vs. Fc/Fc
+
. As with the oxidations, variation of 
scan rate did not greatly impact the reversibility of the process.  
 
Figure 3.10 Reduction curves for N-[8]CPPs vs. Fc/Fc
+
 in THF (0.1 M 
n
Bu4PF6, 100 
mV/s). 
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 While the optical and electrochemical properties are not dramatically altered 
compared to those of [8]CPP, they are in fact different. Perhaps most importantly, the 
properties differed in an expected manner as predicted by simple computational studies. 
This demonstrates that computational design of this class of materials with tailored 
electronics properties is feasible.  
3.3.3 Crystal Structure of 1N-[8]CPP 
 
 In order to understand differences in the solid state structure, we attempted to 
procure a crystal structure of 1N-[8]CPP. Crystals were successfully grown, but due to 
the lack of heavy atoms, the precise location of the nitrogen atom could not be resolved.
94
 
Attempts at growing crystal from protic solvents that could hydrogen bond to the 
nitrogen were unsuccessful.  
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Figure 3.11 Crystal structure of 1N-[8]CPP (A) top down view and (B) side view of 
herringbone packing. 
 
 While the location of the nitrogen could not be confirmed, some similarities and 
differences are apparent from the unrefined crystal (Figure 3.11). Similar to [8]CPP, 1N-
[8]CPP packs in a slip-stack herringbone fashion. From the top, aligned diagonal 
channels are clearly visible. Closer inspection reveals some important differences 
however. In the solid state [8]CPP adopts an oblong, oval conformation (Figure 3.12) 
with the short and long diameters differing between 10.3 Å to 11.6 Å. 1N-[8]CPP is 
rounder, with a diameter of 10.9 ± 0.3 Å. [8]CPP packs tighter with higher symmetry. 
The shortest π- π interaction between [8]CPP molecules is 3.46 Å. For 1N-[8]CPP, the 
shortest π- π interaction is 3.52 Å. Consequently, [8]CPP has a unit cell of 6 individual 
hoops while 1N-[8]CPP’s unit cell is doubled to 12 hoops. 
 
Figure 3.12 Top-down view of (A) 1N-[8]CPP and (B) [8]CPP reveals diameter 
differences.  
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3.4 Supercapacitors 
 
3.4.1 Supercapacitor Introduction 
 
 The supercapacitor is an electrical energy storage device. Unlike fuel cells or 
batteries, which produce energy from electrochemical reactions, supercapacitors store 
charge electrostatically on the surface of an electrode.  While this may seem like a minor 
point, this is an important distinction that has impacted the adoption of supercapacitors. 
 Supercapacitors were first discovered in 1957 at General Electric. They are 
similar to modern batteries in that supercapacitors contain electrodes and an electrolyte 
solution (Figure 3.13). Upon application of a voltage, a salt contained in the electrolyte 
solution dissociates and the ions migrate to the surface of the electrodes. Because it is a 
surface interaction, the capacity of a supercapacitor is greatly affected by the surface area 
of the electrode material. Thus, early on and still today highly porous activated carbon 
(AC) materials are the most common electrode materials used in supercapacitor cells.  
 
Figure 3.13 Schematic of a simple double-layer capacitor.  
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This different mechanism for energy storage endows supercapacitors with some 
advantages over batteries. The charging times are much shorter. Supercapacitors are 
relatively small and light. Because there is no reaction occurring, supercapacitors last 
significantly longer than batteries as they experience less material degradation over time. 
Additionally, they are not capable of being overcharged and are therefore much safer. 
There are drawbacks however. They can store relatively little energy though their power 
(how much energy is discharged per unit time) is quite high (Figure 3.14). Unlike 
batteries, supercapacitors are prone to self-discharge, in some cases losing up to 50% of 
their charge over longer time frames. Finally, and perhaps most critically, they still 
remain quite expensive compared to batteries.
95
 
 
Figure 3.14 Relative energy density and power densities for fuel cells, batteries, and 
supercapacitors. 
 
Looking towards the future and the need to solve important energy challenges, 
many are beginning to acknowledge that supercapacitors are going to play an important 
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role when used in settings that exploit their advantages. Since supercapacitors discharge 
quickly, they are ideal for use in settings where energy is needed in bursts. Urban driving 
is one such possible setting. For example, since the early 2000’s hybrid buses that utilize 
supercapacitors have been used with great success.
96
 Since buses stop regularly after 
driving short distances, charging stations at bus stops can be used to recharge the 
supercapacitor quickly. The supercapacitors are also recharged by regenerative breaking 
technologies.  Supercapacitors may also be used to complement batteries and improve 
vehicle efficiency. In the last decade, electric cars have gained a large market share. One 
of the biggest challenges for electric cars is their limited mileage range between 
recharging events as compared to traditional combustion engines. While the energy 
density of the battery is an important facet of this problem, the large weight of most 
vehicle batteries is equal in blame. Using a supercapacitor in tandem with a battery would 
allow the size of the battery to be shrunk, decreasing the vehicle weight and increasing 
range. The supercapacitors would provide power for urban driving—where breaking 
would allow for frequent recharging—and the battery would support longer periods of 
uninterrupted travel.  
Given this, there has been renewed interest in developing improved electrode 
materials for supercapacitors. While activated carbon has been a mainstay, 
reproducibility between devices can be problematic. ACs are activated to increase 
porosity as a bulk material, often undergoing etching and treatment with strong acids and 
bases. These methods however produce slightly different results on a batch to batch basis. 
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Recently, much attention has been given to newer carbon materials with high surface 
areas such as aerogels,
97,98
 graphene,
99,100
 and carbon nanotubes.
101,102
   
Thus, we feel that CPPs—with their ability to reversibly accept up to four 
electrons per hoop, their uniform pore size and relation to CNTs—are an ideal candidate 
for exploration in supercapacitor settings. As far as we are aware, there are no examples 
of supercapacitor electrodes based on molecular systems. Corannulene has been explored 
as a Li-ion battery electrode previously.
103
 Perhaps the most important knowledge gained 
from the corannulene investigation was the understanding of how Li intercalation and 
complexation correlated to measured capacities and efficiencies. 
7
Li NMR was used to 
match discrete lithium species formation to those known for corannulene. The 
experiments showed that enhanced curvature increased Li uptake, as demonstrated by 
corannulene and fullerene studies. The authors then took this knowledge and synthesized 
a novel carbon material, with greater curvature than traditional hard or activated carbons, 
which exhibited superior battery performance. Knowing the exact molecular structure of 
electrode materials will allow for a deeper understanding of factors that impact 
performance. While the molecule itself may not eventually be used to fabricate devices, 
exploration of discrete molecules is more precise and knowledge of what properties 
improve or disrupt optimal device performance can guide future materials design. 
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3.4.2 Study of [8]CPP and 1N-[8]CPP in Supercapacitors 
 
 With the synthesis of CPPs being streamlined, useable amounts of material can be 
produced to begin exploring possible material uses of CPPs. As discussed previously, one 
application to explore with CPPs is supercapacitors. CPPs have theoretically high surface 
areas (~2500 m
2
/g) with completely uniform pore sizes. In solution, [8]CPP is capable of 
accepting up to four electrons.
50
 The atomistic control we have in making CPPs makes 
them an excellent platform to study structure-property relationships of material 
performance.  
 Electrodes were prepared using the slurry method and spread on an aluminum 
current collector. Electrodes were punched and assembled into coin cells (Figure 3.15) in 
a glove box. Activated carbon electrodes were fabricated alongside CPP electrodes as a 
control.  
 
Figure 3.15 Supercapacitor testing assembly. Fully assembled coin cell (left) and 
schematic of layers (right). 
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 Electrode samples were examined with SEM to correlate surface morphology to 
cell performance. Activated carbon electrodes were visually similar to those previously 
described in the literature (Figure 3.16).
104
 Analysis of the [8]CPP electrodes showed a 
slightly less rough looking surface, with areas that contained very smooth, planar features 
(Figure 3.17).  
 
Figure 3.16 SEM image of activated carbon with 10% PVDF binder on Aluminum. 
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Figure 3.17 SEM images of [8]CPP with 10% PVDF binder on Aluminum. 
 
Initial performance of prepared electrodes was poor. The specific conductance for 
both activated carbon and [8]CPP were measured to be on the order of 10^
–4
 F/g. 
Reported literature values for standard AC electrodes are around 100 F/g.
105
 [8]CPP did 
however exhibit a superior solid-state CV curve, indicating higher conductance over the 
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activated carbon control (Figures 3.18 and 3.19).  The low performance of the electrodes 
is possibly attributable to quality issues arising from the fabrication process.
106,107
 
 
Figure 3.18 Voltammetry of AC electrodes (100-500 mV/s scan rate).  
 
 
Figure 3.19 Voltammetry of [8]CPP electrodes (100-500 mV/s scan rate).  
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3.5 Conclusion  
 
 In this chapter, we fully characterized the series of N-[8]CPPs synthesized in 
Chapter 2. Computational studies were done in tandem to understand differences between 
the N-[8]CPPs and [8]CPP. The nitrogen-doped structures have redshifted absorbances 
and emissions. The quantum yields decrease with increasing nitrogen substitution as 
expected. In contrast to [8]CPP, the oxidations are irreversible, while the reduction values 
become more positive with increasing substitution. These results confirm hypotheses 
made based on computational data, lending credence to the notion of rationally designing 
novel CPPs with predictably altered properties.  
 Preliminary studies on CPP supercapacitor electrodes were presented. While 
fabricating quality electrodes remains a challenge, initial data suggest that [8]CPP is 
more conductive than the activated carbon controls. With optimized fabrication methods, 
electrodes of different CPPs will be fabricated, allowing for a thorough study of impact 
of pore size on electrode performance.  
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3.6 Experimental Procedures  
 
3.6.1 Electrochemical Measurements 
 
Electrochemical measurements were performed on a CH Instruments Model 
1200B Electrochemical Analyzer. The electrolyte (n-Bu4NPF6) was bought from Sigma-
Aldrich, recrystallized from ethanol, and dried under vacuum. THF and DCM dried with 
the method described by Grubbs
108
 and then thoroughly degassed with nitrogen before 
taking measurements. The glassy carbon working electrode, Pt counter electrode, and 
reference electrodes (aqueous Ag/AgCl and non-aqueous Ag/Ag+) were all purchased 
from CH Instruments.  
3.6.2 Crystal Structure 
 
Crystals of 1N-[8]CPP were grown from a biphasic solution of DCM with 
hexanes layered on top. The vial was capped and allowed to stand undisturbed for several 
days. General details for the X-ray diffraction analysis: 
 
Data collection: APEX2 (Bruker, 
2006); cell refinement: SAINT (Bruker, 2006); data reduction:  SAINT (Bruker, 2006): 
program(s) used to solve structure: SHELX97 (Sheldrick, 1990); program(s) used to 
refine structure: SHELC97 (Sheldrick, 1997); molecular graphics: OLEX2 (Dolmanov, et 
al. 2009); software used to prepare material for publication: PublCIF v.1.9.5_c(IUCr).  
  
96 
 
 
 
 
3.6.3 Optoelectronic Characterization  
 
 Absorbance spectra were obtained in dichloromethane using a Varian Cary 100 
BIO UV-Vis spectrometer. Emission spectra were obtained in dichloromethane using a 
Horiba Jobin Yvon FluoroMax 3 Fluorimeter. Quantum yields were measured utilizing 
the comparative method outlined by Williams et al.
109
 Spectra of protonated species were 
obtained after the addition of 2 to 3 drops of concentrated HCl to a dilute solution of CPP 
in DCM.  
3.6.4 Computational Methods  
 
 Molecular geometries were minimized using DFT at the B3LYP/6-31g* level of 
theory in Gaussian 09. Optimized structures were then examined with TD-DFT to predict 
optical transitions and UVVis spectra.  
3.6.5 Fabrication and Electrochemical Testing of Electrodes  
 
Electrodes were prepared using a slurry-prep method. Slurries were made in ratios 
of 90:10 (carbon material:PVDF binder). Slurries were prepared with NMP in ratios of no 
more than 30% wt. percent carbon material: 70% wt percent NMP. PVDF was dissolved 
in 2/5 the total volume of NMP and stirred an additional 30 minutes. The carbon material 
was added to this and stirred. Additional portions of NMP (1/5 each time) were added to 
the mixture, with ample stirring allowed in between. The slurry was spread onto 
aluminum foil with a doctor blade to a thickness of 50 microns. The electrodes were dried 
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overnight at 80 °C in a vacuum oven. Samples were punched and assembled into coin 
cells containing a polypropylene separator, ethylene carbonate-dimethyl carbonate 
electrolyte (EC-DMC) and lithium bis(trifluoromethanesuphone)imide salt (LiTFSI).  
Voltammetry curves and specific capacitances were measured with a Princeton 
Applied Research Versastat 4 potentiostat. 
3.6.7 Minimized Geometries 
 
 
 
1N]-[8]CPP 
B3LYP/6-31G(d)  
HF = -1864.3820367 
 
C -3.26323 -4.81919 1.16997 
H -3.0204 -5.34739 2.08845 
C -2.43423 -4.96626 0.04065 
C -1.01687 -5.40402 0.13344 
C -0.28467 -5.06339 1.28489 
H -0.81047 -4.73356 2.17578 
C 1.0997 -4.94681 1.25081 
H 1.60336 -4.53051 2.11758 
C 1.8233 -5.16592 0.06434 
C 3.14785 -4.51081 -0.09355 
C 3.9692 -4.1948 1.00574 
H 3.8263 -4.70928 1.95212 
C 4.88558 -3.149 0.94167 
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H 5.41207 -2.87054 1.84993 
C 5.03131 -2.3826 -0.22999 
C -5.52382 1.01483 0.02802 
C -5.22358 0.34699 1.22867 
H -4.91148 0.92089 2.09628 
C -5.11472 -1.03867 1.27298 
H -4.7208 -1.49816 2.17436 
C -5.30384 -1.82227 0.12025 
C -4.62184 -3.14076 0.03519 
C -3.94018 -3.46702 -1.15124 
H -4.13932 -2.90165 -2.05645 
C -2.8731 -4.35791 -1.14889 
H -2.27794 -4.4556 -2.05176 
C -0.27551 -5.8421 -0.98123 
H -0.7947 -6.20506 -1.86452 
C 1.11181 -5.72605 -1.01493 
H 1.6401 -6.00333 -1.92331 
C -5.94677 0.21711 -1.053 
H -6.28189 0.69052 -1.97238 
C -5.84122 -1.17031 -1.00703 
H -6.09928 -1.74738 -1.89124 
C 3.46373 -3.89126 -1.3181 
H 2.87876 -4.12375 -2.20288 
C 4.38408 -2.8536 -1.38667 
H 4.5067 -2.30078 -2.31073 
C -4.33243 -3.92704 1.1675 
H -4.8978 -3.78105 2.08436 
C 3.30442 4.87764 -0.84333 
H 3.12407 5.50745 -1.70988 
C 2.41265 4.90991 0.24829 
C 1.01485 5.40648 0.13706 
C 0.38395 5.48843 -1.11924 
H 0.97977 5.48329 -2.02668 
C -1.82587 5.22005 -0.12019 
C -3.14676 4.54362 -0.22818 
C -3.42855 3.76473 -1.3664 
H -2.81573 3.86192 -2.25587 
C -4.35323 2.72946 -1.3274 
H -4.42087 2.06358 -2.18229 
C -5.04307 2.4103 -0.14443 
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C 5.52235 -0.97917 -0.20238 
C 5.16737 1.07218 -1.20591 
H 4.86754 1.59276 -2.11397 
C 5.30823 1.78533 0.0025 
C 4.60046 3.07717 0.17053 
C 3.85037 3.27111 1.34406 
H 4.0034 2.61109 2.19287 
C 2.78555 4.16113 1.38076 
H 2.15205 4.15806 2.261 
C 0.16955 5.49938 1.25971 
H 0.594 5.54938 2.25792 
C -1.211 5.39165 1.13534 
H -1.80125 5.31635 2.04318 
C 5.97705 -0.33727 0.96439 
H 6.33256 -0.90734 1.81671 
C 5.84481 1.04401 1.0685 
H 6.08968 1.53605 2.00651 
C -4.0115 4.37366 0.87255 
H -3.91237 5.01323 1.7451 
C -4.93191 3.32907 0.91658 
H -5.51573 3.18015 1.82148 
C 4.36753 3.97846 -0.88572 
H 4.97891 3.92897 -1.78303 
N 5.25471 -0.24855 -1.305 
C -0.99901 5.41644 -1.24351 
H -1.42487 5.40404 -2.24211 
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2N-[8]CPP 
B3LYP/6-31G(d)  
HF = -1880.4256977 
 
C -0.6875 5.82207 1.115 
H -1.21399 6.09464 2.02609 
C -1.41573 5.37544 -0.00493 
C -2.78113 4.79804 0.10262 
C -3.11413 4.08497 1.26822 
H -2.49701 4.19085 2.15521 
C -4.09044 3.09609 1.25433 
H -4.19864 2.46667 2.13202 
C -4.78517 2.77131 0.07493 
C -5.35489 1.40571 -0.06315 
C -5.75175 0.63606 1.04766 
H -5.97627 1.12547 1.99147 
C -5.74714 -0.75503 0.99747 
H -5.95104 -1.30324 1.91277 
C -5.36078 -1.43712 -0.17166 
C 4.7935 2.7573 0.07481 
C 4.0997 3.08404 1.25421 
H 4.20608 2.45427 2.13188 
C 3.12624 4.07573 1.26812 
H 2.50944 4.18338 2.15511 
C 2.79532 4.78978 0.10255 
C 1.43161 5.37119 -0.00496 
C 0.70284 5.15932 -1.18909 
H 1.22064 4.83042 -2.08509 
C -0.68761 5.16141 -1.18908 
H -1.20639 4.83403 -2.08507 
C -3.63384 4.63203 -1.00603 
H -3.47695 5.22936 -1.90054 
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C -4.61382 3.64279 -1.01897 
H -5.19878 3.4954 -1.92294 
C 4.62465 3.62929 -1.01908 
H 5.20914 3.4802 -1.92308 
C 3.6475 4.62133 -1.00612 
H 3.49232 5.21913 -1.90062 
C -5.19711 0.72027 -1.28313 
H -4.9216 1.27215 -2.17668 
C -5.20151 -0.66699 -1.33798 
H -4.93854 -1.17186 -2.26012 
C 0.70473 5.81998 1.11499 
H 1.23205 6.091 2.02606 
C 0.68772 -5.78844 -0.95345 
H 1.21242 -6.11729 -1.84639 
C 1.41635 -5.28594 0.14237 
C 2.79889 -4.76397 0.02076 
C 3.20291 -4.14692 -1.18119 
H 2.66632 -4.35027 -2.10621 
C 4.7896 -2.82724 -0.14126 
C 5.35638 -1.45282 -0.1717 
C 5.19903 -0.68228 -1.338 
H 4.93425 -1.18641 -2.26003 
C 5.19887 0.70499 -1.28323 
H 4.92473 1.25766 -2.17672 
C 5.35912 1.39001 -0.06335 
C -4.79802 -2.81318 -0.14143 
C -3.21493 -4.13712 -1.18137 
H -2.67868 -4.34174 -2.10631 
C -2.81297 -4.75567 0.0205 
C -1.43199 -5.28172 0.14222 
C -0.70209 -4.98608 1.30795 
H -1.22027 -4.60664 2.18367 
C 0.68721 -4.98813 1.30802 
H 1.20641 -4.61021 2.18379 
C 3.65253 -4.5436 1.11479 
H 3.48245 -5.06342 2.05432 
C 4.66432 -3.59183 1.03357 
H 5.27553 -3.38453 1.90597 
C -4.67524 -3.57847 1.03321 
H -5.28609 -3.36968 1.9055 
C -3.66619 -4.53315 1.11441 
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H -3.49781 -5.05374 2.05383 
C 5.74522 -0.77185 0.99725 
H 5.94789 -1.32063 1.91248 
C 5.75404 0.61922 1.04738 
H 5.98037 1.10801 1.99108 
C -0.70474 -5.78636 -0.95353 
H -1.23033 -6.11365 -1.84651 
N -4.15236 -3.20132 -1.26099 
N 4.14307 -3.21384 -1.26085 
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Isomeric H-2N-[8]CPP
+ 
B3LYP/6-31G(d)  
HF = -1880.81971895 
 
C 3.886420 4.423810 1.022370 
H 3.734450 5.039070 1.905460 
C 3.056610 4.599080 -0.102340 
C 1.708350 5.218920 -0.014730 
C 0.973020 5.060050 1.173880 
H 1.477980 4.727640 2.075630 
C -0.414940 5.128180 1.177490 
H -0.945430 4.847430 2.082710 
C -1.136950 5.361860 -0.006790 
C -2.540260 4.888800 -0.084660 
C -3.397840 4.790760 1.024060 
H -3.202430 5.375750 1.919310 
C -4.451860 3.881990 1.016090 
H -5.077760 3.775160 1.896520 
C -4.616640 3.038700 -0.098080 
C 5.320960 -1.724730 0.241120 
C 5.071540 -0.939680 1.382790 
H 4.657430 -1.395570 2.275430 
C 5.156390 0.445890 1.343870 
H 4.803840 1.010190 2.201940 
C 5.489260 1.123930 0.157860 
C 4.992700 2.513840 -0.014260 
C 4.334620 2.845850 -1.212000 
H 4.442100 2.199690 -2.078130 
C 3.387730 3.863480 -1.254430 
H 2.789240 3.976570 -2.153310 
C 0.998270 5.670950 -1.143980 
H 1.534070 5.897450 -2.062050 
C -0.392510 5.740770 -1.141000 
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H -0.906600 6.021010 -2.056500 
C 5.891480 -1.055550 -0.861350 
H 6.203760 -1.618040 -1.736620 
C 5.966550 0.334540 -0.905640 
H 6.326070 0.813180 -1.813090 
C -2.975770 4.200010 -1.235810 
H -2.433110 4.307230 -2.173240 
C 4.832800 3.403760 1.065760 
H 5.395230 3.244170 1.982200 
C -3.897880 -4.161080 -1.062050 
H -3.775370 -4.618030 -2.043340 
C -3.090360 -4.574530 0.019370 
C -1.745680 -5.164460 -0.175030 
C -1.026040 -4.809900 -1.330860 
H -1.537320 -4.321630 -2.154360 
C 1.103960 -5.336900 -0.265150 
C 2.523850 -4.912930 -0.145820 
C 3.263410 -4.481370 -1.263870 
H 2.956470 -4.773020 -2.263950 
C 4.304390 -3.569650 -1.131090 
H 4.737180 -3.153950 -2.035550 
C 4.685180 -3.065830 0.128150 
C -5.258720 1.700100 -0.038680 
C -5.432010 -0.468760 -1.126760 
H -5.368020 -1.068610 -2.027720 
C -5.445100 -1.127770 0.117550 
C -4.972170 -2.536100 0.180950 
C -4.461120 -3.097120 1.365680 
H -4.693060 -2.669790 2.335000 
C -3.498170 -4.094860 1.274990 
H -2.974920 -4.408220 2.174110 
C -1.020440 -5.804650 0.848720 
H -1.540080 -6.178580 1.727340 
C 0.369360 -5.891480 0.802600 
H 0.891470 -6.332250 1.647550 
C -5.498150 1.057210 1.189900 
H -5.493330 1.624930 2.115640 
C -5.591450 -0.328990 1.266550 
H -5.678060 -0.785850 2.247940 
C 3.072780 -4.608770 1.114480 
H 2.584420 -4.963500 2.017100 
C 4.137130 -3.723490 1.246970 
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H 4.464670 -3.460570 2.248140 
C 0.358220 -4.894700 -1.373940 
H 0.866490 -4.467660 -2.231470 
H -5.194000 1.393080 -2.165170 
C -5.337060 0.913890 -1.203430 
N -4.778550 -3.168650 -0.994890 
N -3.956990 3.306380 -1.244290 
H -5.848140 -3.164880 -1.808230 
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Isomeric 2N-[8]CPP 
B3LYP/6-31G(d)  
HF =  -1880.42468731 
 
C 0.070210 5.902390 0.989470 
H -0.421630 6.292610 1.876500 
C -0.699540 5.499010 -0.120410 
C -2.123220 5.106680 -0.000320 
C -2.573380 4.553110 1.214220 
H -1.968330 4.659450 2.108410 
C -3.674710 3.712120 1.257160 
H -3.883220 3.201500 2.190840 
C -4.395040 3.385300 0.089070 
C -5.142740 2.113900 0.037130 
C -5.459220 1.378930 1.203480 
H -5.469160 1.870690 2.169670 
C -5.627430 0.003990 1.166390 
H -5.718990 -0.528380 2.107610 
C -5.539500 -0.706110 -0.051680 
C 5.142700 2.142770 0.180950 
C 4.464470 2.601330 1.325980 
H 4.478170 2.014970 2.237980 
C 3.619090 3.701690 1.275770 
H 3.008790 3.925180 2.145370 
C 3.401480 4.399490 0.074620 
C 2.119670 5.132750 -0.082340 
C 1.380620 4.957680 -1.266300 
H 1.862490 4.529920 -2.140010 
C 0.001950 5.135740 -1.285200 
H -0.546100 4.840760 -2.174990 
C -2.983500 4.975200 -1.111610 
H -2.742390 5.480960 -2.041990 
C -4.086560 4.132180 -1.070160 
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H -4.678620 4.012460 -1.972790 
C 4.250160 4.084150 -1.003590 
H 4.191210 4.659130 -1.924030 
C -5.334890 1.436540 -1.191630 
H -5.222690 1.970100 -2.128730 
C 1.449660 5.729300 1.005280 
H 2.003620 5.985180 1.904140 
C -0.073010 -5.849910 -1.042670 
H 0.398430 -6.215890 -1.949660 
C 0.726290 -5.485090 0.063800 
C 2.153740 -5.115820 -0.076510 
C 2.564760 -4.509480 -1.277900 
H 1.936780 -4.577560 -2.160860 
C 4.417000 -3.379630 -0.162070 
C 5.188000 -2.110840 -0.084330 
C 5.436250 -1.326680 -1.228230 
H 5.402560 -1.773650 -2.216800 
C 5.600500 0.050120 -1.137290 
H 5.643190 0.620730 -2.059270 
C 5.555900 0.715460 0.103570 
C -5.107870 -2.100000 -0.039380 
C -3.596560 -3.623660 -1.146900 
H -3.053000 -3.776210 -2.070650 
C -3.344420 -4.348010 0.009120 
C -2.088130 -5.117010 0.105550 
C -1.326600 -4.994770 1.282930 
H -1.782080 -4.608050 2.190240 
C 0.050130 -5.180800 1.261420 
H 0.620450 -4.934760 2.151050 
C 3.036350 -5.015660 1.017000 
H 2.820320 -5.548200 1.939610 
C 4.147730 -4.180540 0.969170 
H 4.765120 -4.091720 1.857600 
C -5.058260 -2.958920 1.079610 
H -5.650860 -2.721140 1.954670 
C -4.200020 -4.044040 1.104510 
H -4.140830 -4.646570 2.005840 
C 5.404010 -1.479600 1.156280 
H 5.303020 -2.040890 2.079650 
C 5.601490 -0.106610 1.246720 
H 5.687540 0.335700 2.234120 
C 3.664960 -3.664860 -1.318270 
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H 3.847190 -3.115370 -2.234640 
H -4.465260 -1.993730 -1.973140 
C -4.451410 -2.573660 -1.140960 
N -5.525960 0.067070 -1.236520 
N 5.106840 2.988060 -0.947600 
C -1.447610 -5.654100 -1.029630 
H -2.206370 -3.250870 -4.351450 
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Isomeric 2N-[8]CPP 
 
 
B3LYP/6-31G(d)  
HF-1880.42313917 
 
C 0.070210 5.902390 0.989470 
H -0.421630 6.292610 1.876500 
C -0.699540 5.499010 -0.120410 
C -2.123220 5.106680 -0.000320 
C -2.573380 4.553110 1.214220 
H -1.968330 4.659450 2.108410 
C -3.674710 3.712120 1.257160 
H -3.883220 3.201500 2.190840 
C -4.395040 3.385300 0.089070 
C -5.142740 2.113900 0.037130 
C -5.459220 1.378930 1.203480 
H -5.469160 1.870690 2.169670 
C -5.627430 0.003990 1.166390 
H -5.718990 -0.528380 2.107610 
C -5.539500 -0.706110 -0.051680 
C 5.142700 2.142770 0.180950 
C 4.464470 2.601330 1.325980 
H 4.478170 2.014970 2.237980 
C 3.619090 3.701690 1.275770 
H 3.008790 3.925180 2.145370 
C 3.401480 4.399490 0.074620 
C 2.119670 5.132750 -0.082340 
C 1.380620 4.957680 -1.266300 
H 1.862490 4.529920 -2.140010 
C 0.001950 5.135740 -1.285200 
H -0.546100 4.840760 -2.174990 
C -2.983500 4.975200 -1.111610 
H -2.742390 5.480960 -2.041990 
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C -4.086560 4.132180 -1.070160 
H -4.678620 4.012460 -1.972790 
C 5.106840 2.988060 -0.947600 
H 5.695230 2.746580 -1.827850 
C 4.250160 4.084150 -1.003590 
H 4.191210 4.659130 -1.924030 
C -5.334890 1.436540 -1.191630 
H -5.222690 1.970100 -2.128730 
C 1.449660 5.729300 1.005280 
H 2.003620 5.985180 1.904140 
C -0.073010 -5.849910 -1.042670 
H 0.398430 -6.215890 -1.949660 
C 0.726290 -5.485090 0.063800 
C 2.153740 -5.115820 -0.076510 
C 2.564760 -4.509480 -1.277900 
H 1.936780 -4.577560 -2.160860 
C 4.417000 -3.379630 -0.162070 
C 5.188000 -2.110840 -0.084330 
C 5.436250 -1.326680 -1.228230 
H 5.402560 -1.773650 -2.216800 
C 5.600500 0.050120 -1.137290 
H 5.643190 0.620730 -2.059270 
C 5.555900 0.715460 0.103570 
C -5.107870 -2.100000 -0.039380 
C -3.596560 -3.623660 -1.146900 
H -3.053000 -3.776210 -2.070650 
C -3.344420 -4.348010 0.009120 
C -2.088130 -5.117010 0.105550 
C -1.326600 -4.994770 1.282930 
H -1.782080 -4.608050 2.190240 
C 0.050130 -5.180800 1.261420 
H 0.620450 -4.934760 2.151050 
C 3.036350 -5.015660 1.017000 
H 2.820320 -5.548200 1.939610 
C 4.147730 -4.180540 0.969170 
H 4.765120 -4.091720 1.857600 
C -5.058260 -2.958920 1.079610 
H -5.650860 -2.721140 1.954670 
C -4.200020 -4.044040 1.104510 
H -4.140830 -4.646570 2.005840 
C 5.404010 -1.479600 1.156280 
H 5.303020 -2.040890 2.079650 
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C 5.601490 -0.106610 1.246720 
H 5.687540 0.335700 2.234120 
C 3.664960 -3.664860 -1.318270 
H 3.847190 -3.115370 -2.234640 
H -4.465260 -1.993730 -1.973140 
C -4.451410 -2.573660 -1.140960 
N -1.447610 -5.654100 -1.029630 
N -5.525960 0.067070 -1.236520 
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Diprotonated Isomer 2H-2N-[8]CPP
2+ 
 
B3LYP/6-31G(d)  
HF= -1881.12878225 
 
C 3.886420 4.423810 1.022370 
H 3.734450 5.039070 1.905460 
C 3.056610 4.599080 -0.102340 
C 1.708350 5.218920 -0.014730 
C 0.973020 5.060050 1.173880 
H 1.477980 4.727640 2.075630 
C -0.414940 5.128180 1.177490 
H -0.945430 4.847430 2.082710 
C -1.136950 5.361860 -0.006790 
C -2.540260 4.888800 -0.084660 
C -3.397840 4.790760 1.024060 
H -3.202430 5.375750 1.919310 
C -4.451860 3.881990 1.016090 
H -5.077760 3.775160 1.896520 
C -4.616640 3.038700 -0.098080 
C 5.320960 -1.724730 0.241120 
C 5.071540 -0.939680 1.382790 
H 4.657430 -1.395570 2.275430 
C 5.156390 0.445890 1.343870 
H 4.803840 1.010190 2.201940 
C 5.489260 1.123930 0.157860 
C 4.992700 2.513840 -0.014260 
C 4.334620 2.845850 -1.212000 
H 4.442100 2.199690 -2.078130 
C 3.387730 3.863480 -1.254430 
H 2.789240 3.976570 -2.153310 
C 0.998270 5.670950 -1.143980 
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H 1.534070 5.897450 -2.062050 
C -0.392510 5.740770 -1.141000 
H -0.906600 6.021010 -2.056500 
C 5.891480 -1.055550 -0.861350 
H 6.203760 -1.618040 -1.736620 
C 5.966550 0.334540 -0.905640 
H 6.326070 0.813180 -1.813090 
C -2.975770 4.200010 -1.235810 
H -2.433110 4.307230 -2.173240 
C 4.832800 3.403760 1.065760 
H 5.395230 3.244170 1.982200 
C -3.897880 -4.161080 -1.062050 
H -3.775370 -4.618030 -2.043340 
C -3.090360 -4.574530 0.019370 
C -1.745680 -5.164460 -0.175030 
C -1.026040 -4.809900 -1.330860 
H -1.537320 -4.321630 -2.154360 
C 1.103960 -5.336900 -0.265150 
C 2.523850 -4.912930 -0.145820 
C 3.263410 -4.481370 -1.263870 
H 2.956470 -4.773020 -2.263950 
C 4.304390 -3.569650 -1.131090 
H 4.737180 -3.153950 -2.035550 
C 4.685180 -3.065830 0.128150 
C -5.258720 1.700100 -0.038680 
C -5.432010 -0.468760 -1.126760 
H -5.368020 -1.068610 -2.027720 
C -5.445100 -1.127770 0.117550 
C -4.972170 -2.536100 0.180950 
C -4.461120 -3.097120 1.365680 
H -4.693060 -2.669790 2.335000 
C -3.498170 -4.094860 1.274990 
H -2.974920 -4.408220 2.174110 
C -1.020440 -5.804650 0.848720 
H -1.540080 -6.178580 1.727340 
C 0.369360 -5.891480 0.802600 
H 0.891470 -6.332250 1.647550 
C -5.498150 1.057210 1.189900 
H -5.493330 1.624930 2.115640 
C -5.591450 -0.328990 1.266550 
H -5.678060 -0.785850 2.247940 
C 3.072780 -4.608770 1.114480 
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H 2.584420 -4.963500 2.017100 
C 4.137130 -3.723490 1.246970 
H 4.464670 -3.460570 2.248140 
C 0.358220 -4.894700 -1.373940 
H 0.866490 -4.467660 -2.231470 
H -5.194000 1.393080 -2.165170 
C -5.337060 0.913890 -1.203430 
N -4.778550 -3.168650 -0.994890 
N -3.956990 3.306380 -1.244290 
H -5.848140 -3.164880 -1.808230 
H -4.510010 3.433250 -2.066310 
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3N-[8]CPP 
 
B3LYP/6-31G(d)  
HF = -1896.4666542 
 
C 1.179970 -5.360360 1.190000 
H 1.734820 -5.472690 2.097920 
C 1.830700 -5.074720 -0.018290 
C 3.225840 -4.422920 -0.011610 
C 3.848150 -4.112740 1.204730 
H 3.626460 -4.655770 2.099600 
C 4.701930 -3.065620 1.212450 
H 5.193520 -2.752010 2.109650 
C 4.874150 -2.381370 0.005330 
C 5.302670 -0.902040 -0.011320 
C 5.518260 -0.211260 1.189770 
H 5.737710 -0.739530 2.094050 
C 5.399440 1.140750 1.187960 
H 5.523260 1.701520 2.090780 
C 5.066980 1.780370 -0.014920 
C -4.406340 -3.080220 0.010570 
C -4.039640 -3.701810 1.212190 
H -4.554540 -3.480400 2.123560 
C -2.987530 -4.557500 1.200530 
H -2.653150 -5.025040 2.102960 
C -2.321400 -4.779470 -0.013050 
C -0.854480 -5.247510 -0.019100 
C -0.175380 -5.388080 -1.236330 
H -0.713420 -5.526180 -2.150910 
C 1.176010 -5.301680 -1.235840 
H 1.728070 -5.370950 -2.149780 
C -4.010810 -3.635410 -1.213310 
H -4.503810 -3.363150 -2.123160 
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C -2.961850 -4.491440 -1.225090 
H -2.609130 -4.910630 -2.144270 
C 5.392220 -0.223480 -1.233320 
H 5.517400 -0.761360 -2.149820 
C 5.273750 1.124780 -1.235100 
H 5.303490 1.673820 -2.152980 
C -0.173240 -5.448070 1.189630 
H -0.709320 -5.631780 2.097150 
C -1.108260 5.283310 -1.238950 
H -1.663740 5.338100 -2.151840 
C -1.752710 5.024660 -0.022020 
C -3.124860 4.325480 -0.015360 
C -3.725320 3.954640 -1.225990 
H -3.454090 4.436540 -2.142010 
C -4.911970 2.313890 0.002060 
C -5.442820 0.868350 0.014680 
C -5.429360 -1.068190 -1.168620 
H -5.446590 -1.601830 -2.095850 
C -5.159330 -1.737390 0.032090 
C 4.387360 3.162450 -0.001280 
C 2.411250 4.890640 -0.019970 
C 0.925870 5.297490 -0.024810 
C 0.238770 5.461330 1.185760 
H 0.768900 5.656990 2.094390 
C -1.109970 5.323330 1.187280 
H -1.666580 5.407090 2.097350 
C -3.732040 3.982460 1.200330 
H -3.466270 4.485250 2.106710 
C -4.632360 2.969100 1.209140 
H -5.092370 2.654800 2.122640 
C 4.098370 3.807200 1.205000 
H 4.636040 3.583820 2.102750 
C 3.076730 4.690820 1.196410 
H 2.763760 5.186930 2.091330 
C -5.644650 0.211710 1.235220 
H -5.859980 0.753810 2.132280 
C -5.504550 -1.131150 1.243320 
H -5.614960 -1.699280 2.143310 
C 0.239600 5.419490 -1.240450 
H 0.770750 5.582750 -2.154800 
C -4.625660 2.942240 -1.217250 
H -5.081000 2.608210 -2.126090 
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N -5.623970 0.215200 -1.144770 
N 3.799320 -4.074880 -1.174480 
N 3.035940 4.644360 -1.182740 
C 4.570330 -3.031460 -1.197750 
H 4.945650 -2.656650 -2.126920 
C 3.975490 3.748950 -1.205050 
H 4.409630 3.443050 -2.133960 
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4N-[8]CPP 
 
B3LYP/6-31G(d)  
HF = -1912.01229054 
 
C -0.599910 -5.751480 0.973390 
H -0.159720 -6.242280 1.838210 
C 0.225500 -5.344820 -0.095700 
C 1.687380 -5.159330 0.032420 
C 2.273110 -4.834190 1.267900 
H 1.716010 -4.982720 2.188570 
C 3.494600 -4.175380 1.313920 
H 3.884220 -3.847040 2.271210 
C 4.105830 -3.788500 0.107340 
C 4.986430 -2.591940 0.026530 
C 5.404920 -1.887480 1.170390 
H 5.382640 -2.360260 2.147670 
C 5.723040 -0.535160 1.099180 
H 5.910810 -0.001140 2.025910 
C 5.646010 0.163830 -0.119690 
C -5.358110 -1.664290 0.082900 
C -5.111120 -2.347660 1.299130 
H -5.200510 -1.810230 2.231360 
C -4.183760 -3.439750 1.220140 
H -3.609650 -3.672560 2.115320 
C -3.864750 -4.065670 0.049070 
C -2.571860 -4.767390 -0.079200 
C -1.786520 -4.559610 -1.231530 
H -2.221960 -4.051030 -2.086090 
C -0.422730 -4.821050 -1.229190 
H 0.168430 -4.495490 -2.080260 
C 2.536890 -4.996630 -1.083340 
H 2.239390 -5.383170 -2.057360 
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C -4.646630 -3.656280 -1.105370 
H -4.552600 -4.071450 -2.096620 
C 5.138850 -1.947220 -1.215940 
H 4.870760 -2.491230 -2.114910 
C 5.459680 -0.598370 -1.288130 
H 5.437740 -0.089040 -2.244840 
C -1.963300 -5.477490 0.978080 
H -2.556090 -5.756730 1.845500 
C 0.657530 5.689530 -0.997070 
H 0.201500 6.117890 -1.886450 
C -0.142480 5.383030 0.123590 
C -1.607470 5.212830 0.047880 
C -2.187740 4.800680 -1.125010 
H -1.676880 4.831450 -2.080620 
C -4.069420 3.757860 0.014190 
C -4.870630 2.580410 -0.044180 
C -5.365140 0.496120 -1.234420 
H -5.361260 -0.016960 -2.194040 
C -5.574770 -0.208170 -0.028070 
C 5.397700 1.627840 -0.148930 
C 4.091760 3.202570 -1.220700 
H 3.575410 3.472000 -2.140600 
C 3.873040 3.948880 -0.043850 
C 2.637720 4.757690 0.079050 
C 1.884430 4.657600 1.262690 
H 2.329890 4.201970 2.142100 
C 0.530290 4.967030 1.288800 
H -0.036160 4.743780 2.187420 
C -2.453100 5.128440 1.223340 
H -2.128270 5.595880 2.147030 
C -3.617270 4.405660 1.198310 
H -4.175290 4.264180 2.117990 
C 5.489310 2.461900 0.980970 
H 6.089140 2.176850 1.839590 
C 4.702760 3.608610 1.037450 
H 4.684240 4.201240 1.948750 
C -5.351670 1.934200 1.135670 
H -5.379380 2.474770 2.076650 
C -5.667070 0.591210 1.141040 
H -5.946540 0.134040 2.084010 
C 2.012850 5.378440 -1.021340 
H 2.579880 5.565790 -1.929320 
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N 4.806140 2.086100 -1.272800 
N 3.677690 -4.313540 -1.058080 
C -5.058820 1.841810 -1.258040 
H -4.879180 2.294610 -2.229200 
N -3.424880 4.219650 -1.148170 
N -5.194640 -2.368620 -1.036890 
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H-1N-[8]CPP
+ 
B3LYP/6-31G(d)  
HF = -1864.77709366 
 
C -5.446550 -7.775110 -3.980450 
H -6.325700 -7.561960 -4.551180 
C -5.482540 -7.782910 -2.578980 
C -6.553560 -6.973050 -1.822470 
C -7.488690 -6.204810 -2.532270 
H -7.744530 -6.444020 -3.542730 
C -8.042250 -5.083110 -1.895880 
H -8.728150 -4.443430 -2.410310 
C -7.632450 -4.797600 -0.584990 
C -7.681420 -3.356020 -0.048020 
C -8.135400 -2.307760 -0.860790 
H -8.778330 -2.496630 -1.694600 
C -7.687460 -1.008400 -0.581460 
H -7.982940 -0.184890 -1.196020 
C -6.806470 -0.820160 0.493710 
C 0.580290 -6.413150 -4.770220 
C -0.337320 -6.572960 -5.820920 
H -0.178810 -6.093390 -6.764740 
C -1.491390 -7.341050 -5.591530 
H -2.229040 -7.462430 -6.357930 
C -1.674830 -7.904400 -4.319730 
C -3.090440 -8.237120 -3.807540 
C -3.256480 -8.686530 -2.490480 
H -2.453690 -9.163720 -1.966400 
C -4.484370 -8.452500 -1.859090 
H -4.641680 -8.744520 -0.840870 
C -6.532510 -6.928890 -0.422600 
H -6.071940 -7.708840 0.145470 
C -7.088080 -5.811880 0.212970 
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H -7.063760 -5.717850 1.277700 
C 0.578810 -7.318770 -3.701780 
H 1.425880 -7.401270 -3.054130 
C -0.574210 -8.081380 -3.471740 
H -0.624520 -8.757840 -2.644720 
C -7.179200 -3.082690 1.229670 
H -7.108860 -3.855650 1.967020 
C -6.727130 -1.785340 1.505230 
H -6.299200 -1.547730 2.455310 
C -4.215720 -8.007500 -4.613220 
H -4.132900 -7.974970 -5.679290 
C 0.126250 1.630600 -0.192380 
H 0.981290 1.356800 0.389280 
C 0.201820 1.725610 -1.586610 
C 1.275330 0.927940 -2.345660 
C 2.174820 0.121790 -1.636310 
H 2.405300 0.324290 -0.610910 
C 2.347970 -1.224920 -3.618690 
C 2.393510 -2.658550 -4.176490 
C 2.826420 -3.708350 -3.357780 
H 3.454700 -3.519310 -2.511200 
C 2.381240 -5.005310 -3.643690 
H 2.662120 -5.828560 -3.019380 
C 1.524770 -5.193630 -4.737840 
C -5.857230 0.393510 0.517080 
C -3.833830 1.222210 1.308330 
H -3.086860 1.289110 2.072680 
C -3.636630 1.845060 0.070890 
C -2.208540 2.172230 -0.400130 
C -1.995000 2.701080 -1.679020 
H -2.769280 3.235170 -2.188480 
C -0.755840 2.468220 -2.291500 
H -0.560330 2.814500 -3.283830 
C 1.291980 0.931010 -3.746000 
H 0.862520 1.738360 -4.299440 
C 1.843360 -0.177570 -4.401890 
H 1.844930 -0.238630 -5.469740 
C -5.882480 1.322720 -0.533650 
H -6.742230 1.424930 -1.161630 
C -4.732570 2.079170 -0.763730 
H -4.682570 2.783210 -1.568780 
C 1.916110 -2.928530 -5.466210 
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H 1.861030 -2.154960 -6.203390 
C 1.467910 -4.226800 -5.753150 
H 1.061380 -4.464820 -6.713670 
C -1.114530 1.853970 0.417300 
H -1.229780 1.747200 1.476010 
N -4.951080 0.501980 1.506300 
C 2.726540 -0.985640 -2.290750 
H 3.389370 -1.652130 -1.777800 
H -5.092000 0.023890 2.373230 
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N-methyl-1N-[8]CPP
+ 
B3LYP/6-31G(d)  
HF = - 1904.08506772 
 
C -5.350050 -7.863240 -4.214800 
H -6.236330 -7.598040 -4.753600 
C -5.364880 -7.974330 -2.817960 
C -6.421060 -7.217470 -1.993150 
C -7.356230 -6.401920 -2.640850 
H -7.621810 -6.574730 -3.662740 
C -7.896980 -5.323290 -1.929010 
H -8.581620 -4.647540 -2.396700 
C -7.479010 -5.125020 -0.604800 
C -7.526540 -3.713730 0.009780 
C -7.988990 -2.639080 -0.759350 
H -8.635780 -2.802760 -1.596740 
C -7.545840 -1.350820 -0.435330 
H -7.849130 -0.505450 -1.015470 
C -6.658210 -1.202650 0.638410 
C 0.682070 -6.544290 -5.085150 
C -0.252430 -6.661700 -6.124730 
H -0.101210 -6.158960 -7.057450 
C -1.415480 -7.417920 -5.896840 
H -2.170020 -7.498820 -6.651010 
C -1.584220 -8.024810 -4.643600 
C -2.995630 -8.363580 -4.118680 
C -3.144840 -8.892820 -2.829820 
H -2.336780 -9.405220 -2.350790 
C -4.360010 -8.695030 -2.163250 
H -4.503400 -9.053410 -1.165980 
C -6.388410 -7.267960 -0.591770 
H -5.927790 -8.087030 -0.080970 
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C -6.933520 -6.191910 0.122970 
H -6.899810 -6.170630 1.193050 
C 0.691480 -7.489820 -4.049320 
H 1.551050 -7.607820 -3.423730 
C -0.468420 -8.245440 -3.822670 
H -0.511260 -8.949170 -3.017690 
C -7.023500 -3.487880 1.298740 
H -6.950560 -4.285830 2.007790 
C -6.572970 -2.200050 1.619810 
H -6.142570 -1.993410 2.577650 
C -4.133280 -8.063670 -4.884880 
H -4.069210 -7.954080 -5.947900 
C 0.259230 1.324610 -0.147300 
H 1.134170 1.057710 0.406800 
C 0.297130 1.444020 -1.543800 
C 1.363540 0.688260 -2.354640 
C 2.296090 -0.123360 -1.698320 
H 2.551670 0.051080 -0.674310 
C 2.439800 -1.402410 -3.731990 
C 2.493290 -2.814060 -4.352700 
C 2.933740 -3.897700 -3.580170 
H 3.559890 -3.743610 -2.726590 
C 2.495040 -5.184300 -3.923010 
H 2.782570 -6.033340 -3.338650 
C 1.634750 -5.328770 -5.019740 
C -5.710290 0.010160 0.682010 
C -3.682050 0.840820 1.458010 
H -2.926700 0.903800 2.214890 
C -3.503010 1.474730 0.218920 
C -2.090110 1.825300 -0.284140 
C -1.919220 2.371700 -1.563560 
H -2.716560 2.894230 -2.049230 
C -0.693780 2.174220 -2.211710 
H -0.533300 2.539740 -3.204920 
C 1.340750 0.736980 -3.753330 
H 0.880020 1.554030 -4.266550 
C 1.895750 -0.336510 -4.462920 
H 1.870510 -0.357420 -5.532550 
C -5.750810 0.946730 -0.357320 
H -6.618810 1.050790 -0.971070 
C -4.607560 1.706750 -0.597300 
H -4.566860 2.414860 -1.399190 
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C 2.018810 -3.034710 -5.654510 
H 1.957740 -2.230360 -6.359100 
C 1.581780 -4.324800 -5.998510 
H 1.185830 -4.527380 -6.972150 
C -0.969470 1.518120 0.498780 
H -1.057240 1.399030 1.558030 
N -4.798050 0.116610 1.664110 
C 2.848520 -1.200300 -2.404490 
H 3.535780 -1.870310 -1.930820 
C -4.998870 -0.587520 2.938290 
H -5.434070 -0.429960 3.903580 
H -4.274330 0.114280 3.295880 
H -6.022450 -0.600300 2.623410 
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Chapter 4  
Preliminary Study of [5.7]nCyclacenes 
 
4.1 Introduction 
 
Bottom-up extension of CNT substructures would yield pristine batches of CNTs 
and solve a long standing purity problem in the electronic applications of CNTs. As 
detailed in Chapter 1, extension of [n]cycloparaphenylenes would lead to pristine batches 
of metallic, armchair CNTs. Construction of electronic components however will also 
depend on obtaining pure batches of semiconducting CNTs as well.  [n]cyclacenes are an 
example of a starting precursor that could yield zig-zag CNTs (Figure 4.1).  
 
Figure 4.1 Extension of [10]cyclacene (left) generates a (10,0)-CNT (right). 
 
[n]cyclacenes were first theorized in 1954 by Heilbronner.
13
 Their geometries’ are 
comprised of two, fused annulene systems that are conformationally locked. They are 
predicted to have vanishing band gaps as a result of this unique architecture. As such, 
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much attention has been given to them as possible organic electronic materials.   Despite 
several noteworthy attempts, no [n]cyclacene has been successfully synthesized.
12,110-115
 
Early computational studies concluded that the [n]cyclacenes have triplet 
electronic ground states.
116
 This result is in contrast to the related linear oligoacenes 
which were determined to be open-shell singlets with reactive diradical character.
117
 In 
agreement with theory, linear acenes beyond hexacene have proven synthetically elusive 
without utilizing electronic stabilizing groups
118
 or special matrix isolation techniques.
119
 
Later theoretical studies that utilized different higher levels of theory demonstrated that 
the [n]cyclacenes, like the linear oligoacenes, actually do have open-shell singlet 
electronic ground states where n>5.
120
 Given the reactive ground states and high strain 
energy, it is therefore unsurprising that the early attempts at synthesizing [8]- and 
[12]cyclacene, by Cory,
110,111,121
 Stoddart,
114
  and Breslow
122
 were unsuccessful.  
4.1.1 Previously Investigated [n]cyclacene Isomers   
 
In light of the major synthetic challenges to accessing [n]cyclacenes, there have 
been investigations and syntheses of more stable [n]cyclacene isomers.
123-125
 The 
nomenclature for the isomers discussed going forward is modified to indicate the number 
of fused systems. For [n]cyclacenes, n indicates the number of 6-membered rings. The 
related isomers will be defined as [x.y]ncyclacenes, where x and y are the sizes of a fused 
ring system, and n refers to the repeat number of this fusion present.   
Gleiter and co-workers successfully synthesized [6.8]3cyclacene 4-1 and 
benzannulated [4.8]3cyclacene cobalt complex 4-2 (Figure 4.2). In the solid state, 4-1 
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interestingly stacked into tubes as determined by x-ray crystallography.   While they are 
unique carbon frameworks, these isomers are electronically very different from 
[n]cyclacenes. Due to the bent nature of the ethylene bridges, the [6.8]n-isomers contain 
isolated, aromatic benzene rings as opposed to two conjugated annulenes. The unusual 
properties predicted for [n]cyclacenes are therefore unmatched by the [6.8]ncyclacene 
isomers.  
 
Figure 4.2 [6.8]3cyclacene (left) and Cobalt Metallated [4.8]3cyclacene (right) 
synthesized by Gleiter and co-workers. 
 
4.1.2 [5.7]ncyclacenes  
 
The [5.7]ncyclacenes are a novel class of unexplored cyclacene isomer (Figure 
4.3). With alternating 5- and 7-membered rings, the [5.7]ncyclacenes can be visualized as 
cyclically fused azulene units. Like [n]cyclacenes, the [5.7]ncyclacenes can be described 
as two annulenes systems fused together. Whereas the [n]cyclacenes are comprised of 
two trans annulenes, [5.7]ncyclacenes are comprised of 1 cis annulene and 1 trans 
annulene.  
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Figure 4.3 [5.7]4cyclacene. 
 
While the [5.7]ncyclacenes are not a known substructure of carbon nanotubes, 
singular [5.7] defects are known. Also called Stone-Wales defects, they occur naturally 
during growth processes for many graphitic materials, including graphite,
126
 graphene,
127
 
and fullerenes.
128
 The incorporation of these defects into the otherwise hexagonal lattice 
can cause switching of the tube chirality, allowing the tube to change between metallic 
and semiconducting or vice versa.
129
 One could imagine using the [5.7]ncyclacene as a 
seamless junction between a metallic and semiconducting CNT, in essence creating a 
single molecule diode (Figure 4.4).
130  
This chapter will describe the computational 
analysis of the [5.7]ncyclacenes including their electronic ground states, geometries, 
strain energies, and predicted aromatic character.  
131 
 
 
 
 
Figure 4.4 CNT junction between an armchair and zig-zag CNT bridged by a 
[5.7]ncyclacenes. 
  
132 
 
 
 
4.2 Computational Studies 
 
All computational studies were performed using Gaussian 09.
131
 Geometries were 
minimized using DFT at the B3LYP /6-31G(d) level of theory. Our approach to ascertain 
electronic ground states was modeled after Houk’s previous investigations of 
[n]cyclacenes.
120
  Singlet geometries were optimized with both restricted and unrestricted 
wavefunctions. TD-DFT was used for a more accurate determination of HOMO-LUMO 
energies and band gap prediction. Magnetic susceptibilities were determined with the 
CSGT method. 
4.2.1 Ground State Calculations 
 
[5.7]ncyclacenes for n = 3-7 were studied. For all sizes, the electronic ground 
states were found to be closed-shell singlets. The open-shell singlet was found to have the 
same energy as the closed-shell singlet for all sizes.  The triplet state was found to be 
higher in energy for all cases though the gap between the closed-shell singlet and triplet 
energies narrows significantly with increasing size (Figure 4.5).  These results suggest 
that the [5.7]ncyclacene series may be more amenable to synthesis than their isomeric 
cousins.  
 
133 
 
 
 
  
Figure 4.5 Difference in energy (kcal/mol) between the triplet state and singled closed-
shell ground state for [5.7]ncyclacenes. ( TD-DFT, B3LYP, 6-31G(d)).  
 
4.2.2 Molecular Geometries  
 
 Next, we examined the minimized geometries of the [5.7] series. The 
[n]cyclacenes contain two fully delocalized annulene systems, as shown by the uniform 
bond lengths of 1.42 Å along both rims.
120
 Along the bottom rim, or trannulene portion, 
of the [5.7]ncyclacenes, the bonds are extensively delocalized with a uniform bond length 
of 1.42 Å. The upper rim, or cis annulene portion, however shows almost no 
delocalization (Table 4.1). The disubstituted double bonds have shorter lengths of 1.34 
Å. The tetrasubstituted internal double bonds are slightly longer with lengths of 1.38 Å. 
This result is not surprising in that the ethylene bridges are at such an angle as to inhibit 
ideal π-orbital overlap. As the macrocycles get larger, the bond length alternation 
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decreases, suggested that the larger sizes beyond n=7 may have fully delocalized 
annulenes along both edges.  
 
 
n a b c d e f 
3 1.348 1.470 1.388 1.454 1.426 1.418 
4 1.355 1.453 1.392 1.460 1.419 1.408 
5 1.361 1.442 1.397 1.464 1.416 1.404 
6 1.365 1.435 1.401 1.467 1.414 1.402 
7 1.368 1.431 1.404 1.469 1.412 1.401 
 
Table 4.1 Bond lengths for [5.7]ncyclacenes (in Angstroms, Å) (B3LYP/6-31G(d)). 
 
4.2.3 Aromaticity Studies 
 
 Determining the aromaticity of non-traditional systems has been the subject of 
much debate in the literature, from what aromatic really means to whether 3-dimensional 
systems can truly be aromatic.
132
 Particularly for 3-d systems such as cyclacenes, the 
question of whether Hückel’s rules apply is a central issue. Pioneered by Schleyer, the 
nucleus independent chemical shift (NICS) values of a ghost atom at the center of π-
system in question has become a standard method for determining aromaticity of 
conjugated systems.
133,134
 This method relies on measuring the induced ring current often 
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associated with aromatic and anti-aromatic systems. For aromatic systems, a ghost atom 
at the center of the ring will experience an increased magnetic field which results in a 
drastically upfield chemical shift in the NMR, most often negative. The opposite is true 
for anti-aromatic systems, which result in very positive NICS values.  
 Whether you consider the isolated annulene systems or the total π-electron count, 
the [5.7]ncyclacenes have a 4n number of π-electrons. Based on Hückel theory, we 
expected the systems to show anti-aromatic character and have very positive NICS 
values. To start, we calculated the NICS values for an atom at the geometric center of the 
macrocycles (Figure 4.6, Table 4.2). When n=3, the NICS values are positive but 
relatively small indicating the molecule is likely non-aromatic. As n increases, the NICS 
values become increasingly negative, suggesting aromatic character. While these results 
support the previous conclusions that the delocalization of the π-electrons increases with 
increasing size, it was an unexpected result.  
 
Figure 4.6 Calculation of the NICS values for a ghost atom at the geometric center for 
the (A) [5.7]ncyclacenes and (B) a saturated analogue with isolated trannulene.  
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n NICS, middle NICS, Bottom 
3 3.01 8.44 
4 -4.13 -0.55 
5 -11.32 -9.72 
6 -14.31 -13.39 
7 -14.40 -14.31 
 
Table 4.2 NICS values for [5.7]ncyclacenes. 
 
After considering the minimized geometries again, we hypothesized that the 
bottom trans annulene was partially coupled to some of the alkenes along the top rim, as 
evidence by the increased bond lengths for the internal double bonds. This would expand 
the system to contain 4n+2 electrons. To evaluate this hypothesis, we evaluated the NICS 
values for a saturated analogue 4-4 that would eliminate the extended conjugation. The 
NICS value for 4-4 is +72 ppm indicating strong anti-aromaticity.  
4.2.4 Frontier Molecular Orbitals and HOMO-LUMO Gaps 
 
 We were particularly interested in the localization of the frontier molecular 
orbitals (FMOs) for the [5.7]ncyclacenes and how they compared to both the 
[n]cyclacenes and linear oligoacenes. With vanishing and small bandgaps respectively, 
[n]cyclacenes and linear oligoacenes are sought after molecules for organic electronic 
applications. Due to their unstable ground states though, [n]cyclacenes and linear 
oligoacenes are either inaccessible or difficult to make and use. Could the 
[5.7]ncyclacenes, with their stable closed-shell singlet ground states, offer a comparable 
alternative?  
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 The molecular geometries were optimized with TD-DFT to gain more accurate 
HOMO and LUMO energies. Localization of the orbitals was found to be size-dependent 
(Figure 4.7). For n=3 or 4, the HOMO is localized along the vertical single bonds. The 
LUMO was localized along the bottom rim. For larger sizes, n= 5-7, the HOMO 
localization switches to the top rim of the molecules, with some coefficient along the 
bottom. The LUMO is localized along the bottom trannulene, with almost no coefficient 
along the top rim. Should the [5.7]ncyclacenes be synthesized, distinct localization of the 
orbitals may provide a means for regioselective functionalization.  
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A) [5.7]3cyclacene HOMO (left) and LUMO (right) 
                      
B) [5.7]4cyclacene HOMO (left) and LUMO (right) 
                  
C) [5.7]5cyclacene HOMO (left) and LUMO (right) 
                     
D) [5.7]6cyclacene HOMO (left) and LUMO (right) 
             
E) [5.7]7cyclacene HOMO (left) and LUMO (right) 
               
Figure 4.7 HOMO/LUMO Images for all [5.7]ncyclacenes (B3LYP/6-31G(d)). 
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The predicted HOMO-LUMO gaps are shown in Table 4.3. For n=3, the 
predicted gap is 2.20 eV. As n increases, the HOMO-LUMO gap decreases, with n=7 
having a predicted gap of 1.17 eV. These band gaps place the [5.7]ncyclacenes in the 
range of most common organic semiconductors. Hexacene, for example, has a calculated 
band gap of 1.8 eV. Since the band gap is greatly influenced by the solid state form of the 
material (such as thin film vs. bulk powder)
135
, it will be interesting to eventually 
compare empirical data for the [5.7]ncyclacenes to our calculated values.  
n Band Gap, eV 
3 2.2 
4 1.93 
5 1.51 
6 1.31 
7 1.12 
 
Table 4.3 Calculated Band Gaps for the [5.7]ncyclacenes (TD-DFT, B3LYP, 6-31G(d)). 
 
4.2.5 Strain Energy 
 
 As with the [n]cycloparaphenylenes, one of the considerable challenges in 
synthesizing any of the cyclacene isomers is potential strain energy (SE). During our 
investigations, we found that there are a number of different ways of defining strain 
energy, and the method employed greatly affects the resultant values. For comparison, we 
examined the differences between utilizing the classical homodesmotic reaction approach 
to that of the more modern π-orbital axis vector (POAV) analysis.  
140 
 
 
 
 Strain energy is most often envisioned as the difference in energies between linear 
chain molecules and their cyclic counterparts.  Under the umbrella of SE, there are a 
number of types of strain that may contribute to the total energy of a molecule, such as 
ring strain, torsional strain, or angle strain. This SE is manifested in the difference in 
heats of combustion for two molecules.  
Homodesmotic reactions provide a useful means of calculating SE in a more 
classical sense. The homodesmotic reaction we employed for the [5.7]ncyclacenes is 
shown in Figure 4.8. The azulene molecule was included to ensure that the number and 
hybridization of the atoms was uniform across both sides, ensuring that any energy 
difference be representative of strain energy. For n=3, the strain energy was found to be 
approximately 158 kcal/mol. As n increases, the SE unsurprisingly decreases to 80 
kcal/mol for [5.7]7cyclacene (Figure 4.19).  
 
Figure 4.8 Strain energy methods. (A) Schematic of POAV Analysis for sp
2
-hybridized 
Systems  and (B) a Representative Homodesmotic Reaction for [5.7]ncyclacenes. 
 
141 
 
 
 
Next we determined the SE using POAV analysis (Figure 4.10). Developed by 
Haddon,
136
 POAV analysis measures the degree which a sp
2
-hydridized carbon is bent 
from planarity. This angle, θ, can then be used to determine the SE.  For very large 
conjugated systems, such as fullerene, this analysis gives SE values that more closely 
match empirical values.
136
 For n=3, the SE was found to be approximately 80  kcal/mol 
which decreased to just 15 kcal/mol for n=7.   
 
 
Figure 4.9 Strain energies for the [5.7]ncyclacenes. 
 
While these numbers seem high, SE is often better contextualized on a per carbon 
basis. For the [5.7]ncyclacenes,  the SE per carbon atom is only between 1.3-6.5 kcal, 
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depending on the method utilized. For comparison, C60—a synthetically accessed and 
stable molecule—has a SE of 8 kcal/carbon atom.  
4.3 Proposed Synthetic Routes Towards [5.7]nCyclacenes 
 
 With the knowledge that the [5.7]ncyclacenes are likely to have stable, closed-
shell singlet ground states, we devised a preliminary synthetic route. As with the 
synthesis of CPPs, a synthetic route that could access multiple sizes would be ideal. 
Additionally, knowing what we knew about CPPs and failed attempts towards the 
[n]cyclacenes, a route that would not utilize strongly acidic or oxidizing conditions at any 
step, but particularly late in the synthesis, would be the best approach.  
 
Scheme 4.1 Retrosynthesis of [5.7]ncyclacenes. 
 
 With these considerations, we envision synthesizing [5.7]ncyclacenes from a 
flexible macrocyclic precursor 4-5 through enolization and condensation with 
formaldehyde. 4-5 can be assembled several ways, such as McMurray coupling or Wittig 
reactions, from differentiated cyclopentenone 4-6. These bond disconnections were 
chosen to utilize a monomer containing a 5-membered ring, as there is more literature 
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precedence for synthesizing and functionalizing this moiety, and access to 7-membered 
rings is more difficult.
137
  
 The most straightforward method to access fragment 4-6 is based on literature 
procedures (Scheme 4.2).
138
 Anhydride 4-7 is a commercially available, low-cost starting 
material. Over several steps, it can be converted in high yield to known intermediate 4-8. 
From there, enolization and quenching with I2, followed by reduction and 
monoprotection could generate 4-9. While this route is efficient, it is not amenable to 
synthesis of highly functionalized cyclopentenones, which may be necessary to sidestep 
issues with assembling macrocycles. Acknowledging this, we put forth that a Nazarov 
cyclization
139,140
 or Trost’s [3+2]141 cycloaddition might be more appropriate alternative 
methodologies to access 4-9 and highly functionalized analogs.  
 
Scheme  4.2 Synthesis of acetal protected cyclopentenone 4-9.  
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4.4 Conclusion 
 
We have investigated a novel class of [n]cyclacene isomers—the [5.7]ncyclacenes. In 
contrast with the [n]cyclacenes, the [5.7]ncyclacenes have stable closed-shell singlet 
ground states. The predicted band gaps are on the order of other organic semiconductors 
such as pentacene and hexacene. The annulene systems appear to be delocalized in such a 
way as to avoid antiaromaticity. Perhaps most interestingly, [5.7] ncyclacenes represent a 
 hypothetical junction capable of bridging a metallic and a semiconducting CNT to form 
a single-molecule Schottky diode.
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4.5 Optimized Geometries 
[5.7]3cyclacene Closed-Shell Singlet 
RB3LYP/6-31G(d)  
HF= -921.4716375 
 
C 1.14305 2.09657 -0.7983 C 0.66538 -2.19837 1.70891 
C 0 2.3111 -1.60752 C 0 -2.38066 -1.3727 
C -1.14305 2.09657 -0.7983 C -0.66538 -2.19837 1.70891 
C -0.68113 2.01721 0.58121 C -1.24416 -2.03819 -0.7983 
C 0.68113 2.01721 0.58121 C -1.40639 -1.59848 0.58121 
H 0 2.32162 -2.6794 H 1.21301 -2.59276 2.54564 
C 1.57116 1.67542 1.70891 H -1.21301 -2.59276 2.54564 
C 2.06171 1.19033 -1.3727 H 0 -2.57367 -2.43233 
C 2.23654 0.52295 1.70891 C -2.08752 -0.41873 0.58121 
C 2.08752 -0.41873 0.58121 C -2.00147 -1.15555 -1.60752 
C 2.3872 -0.05838 -0.7983 C -2.3872 -0.05838 -0.7983 
H 2.22886 1.28683 -2.43233 H -2.01058 -1.16081 -2.6794 
H 1.63889 2.34688 2.54564 C -1.57116 1.67542 1.70891 
H 2.8519 0.24588 2.54564 C -2.23654 0.52295 1.70891 
C 1.40639 -1.59848 0.58121 C -2.06171 1.19033 -1.3727 
C 1.24416 -2.03819 -0.7983 H -2.22886 1.28683 -2.43233 
C 2.00147 -1.15555 -1.60752 H -1.63889 2.34688 2.54564 
H 2.01058 -1.16081 -2.6794 H -2.8519 0.24588 2.54564 
 
[5.7]3cyclacene Open-Shell Singlet 
UB3LYP\6-31G(d) 
HF=-921.4716375 
 
C 1.14478 2.1001 -0.79956 C 0.67405 -2.18575 1.71265 
C 0 2.32637 -1.61965 C 0 -2.39133 -1.37988 
C -1.14478 2.1001 -0.79956 C -0.67405 -2.18575 1.71265 
C -0.69406 2.05264 0.58243 C -1.24634 -2.04146 -0.79956 
C 0.69406 2.05264 0.58243 C -1.43061 -1.62739 0.58243 
H 0 2.31013 -2.70409 H 1.21058 -2.50479 2.60527 
C 1.55589 1.67663 1.71265 H -1.21058 -2.50479 2.60527 
C 2.07095 1.19566 -1.37988 H 0 -2.57008 -2.45546 
C 2.22994 0.50913 1.71265 C -2.12467 -0.42525 0.58243 
C 2.12467 -0.42525 0.58243 C -2.0147 -1.16318 -1.61965 
C 2.39113 -0.05863 -0.79956 C -2.39113 -0.05863 -0.79956 
H 2.22575 1.28504 -2.45546 H -2.00063 -1.15506 -2.70409 
H 1.56393 2.30079 2.60527 C -1.55589 1.67663 1.71265 
H 2.7745 0.20401 2.60527 C -2.22994 0.50913 1.71265 
C 1.43061 -1.62739 0.58243 C -2.07095 1.19566 -1.37988 
C 1.24634 -2.04146 -0.79956 H -2.22575 1.28504 -2.45546 
C 2.0147 -1.16318 -1.61965 H -1.56393 2.30079 2.60527 
H 2.00063 -1.15506 -2.70409 H -2.7745 0.20401 2.60527 
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[5.7]3cyclacene Triplet 
UB3LYP\6-31G(d) 
HF=-921.443703 
 
C 1.14478 2.1001 -0.79956 C 0.67405 -2.18575 1.71265 
C 0 2.32637 -1.61965 C 0 -2.39133 -1.37988 
C -1.14478 2.1001 -0.79956 C -0.67405 -2.18575 1.71265 
C -0.69406 2.05264 0.58243 C -1.24634 -2.04146 -0.79956 
C 0.69406 2.05264 0.58243 C -1.43061 -1.62739 0.58243 
H 0 2.31013 -2.70409 H 1.21058 -2.50479 2.60527 
C 1.55589 1.67663 1.71265 H -1.21058 -2.50479 2.60527 
C 2.07095 1.19566 -1.37988 H 0 -2.57008 -2.45546 
C 2.22994 0.50913 1.71265 C -2.12467 -0.42525 0.58243 
C 2.12467 -0.42525 0.58243 C -2.0147 -1.16318 -1.61965 
C 2.39113 -0.05863 -0.79956 C -2.39113 -0.05863 -0.79956 
H 2.22575 1.28504 -2.45546 H -2.00063 -1.15506 -2.70409 
H 1.56393 2.30079 2.60527 C -1.55589 1.67663 1.71265 
H 2.7745 0.20401 2.60527 C -2.22994 0.50913 1.71265 
C 1.43061 -1.62739 0.58243 C -2.07095 1.19566 -1.37988 
C 1.24634 -2.04146 -0.79956 H -2.22575 1.28504 -2.45546 
C 2.0147 -1.16318 -1.61965 H -1.56393 2.30079 2.60527 
H 2.00063 -1.15506 -2.70409 H -2.7745 0.20401 2.60527 
 
 
 
[5.7]4cyclacene Closed-Shell Singlet 
RB3LYP\6-31G(d) 
HF=-1228.7750949 
C 0 3.1398 -1.6161 C -0.69597 -2.80855 0.57791 
C -1.1431 2.90174 -0.80893 C 0.69597 -2.80855 0.57791 
C -0.69597 2.80855 0.57791 C 1.1431 -2.90174 -0.80893 
C 0.69597 2.80855 0.57791 H 0 -3.18137 -2.69984 
C 1.1431 2.90174 -0.80893 C 2.50445 -1.54549 1.71753 
H 0 3.18137 -2.69984 C 1.54549 -2.50445 1.71753 
C 1.54549 2.50445 1.71753 C 2.25015 -2.25015 -1.38686 
C 2.50445 1.54549 1.71753 C -1.54549 -2.50445 1.71753 
C -1.54549 2.50445 1.71753 C -2.50445 -1.54549 1.71753 
C -2.50445 1.54549 1.71753 C -2.25015 -2.25015 -1.38686 
C 2.25015 2.25015 -1.38686 H 2.96942 1.29334 2.6694 
C -2.25015 2.25015 -1.38686 H 1.29334 2.96942 2.6694 
C 3.1398 0 -1.6161 H -1.29334 2.96942 2.6694 
C 2.90174 1.1431 -0.80893 H -2.96942 1.29334 2.6694 
C 2.80855 0.69597 0.57791 H -2.38283 -2.38283 -2.46055 
C 2.80855 -0.69597 0.57791 H -1.29334 -2.96942 2.6694 
C 2.90174 -1.1431 -0.80893 H -2.96942 -1.29334 2.6694 
C -3.1398 0 -1.6161 H 2.38283 -2.38283 -2.46055 
C -2.90174 -1.1431 -0.80893 H 2.96942 -1.29334 2.6694 
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C -2.80855 -0.69597 0.57791 H 1.29334 -2.96942 2.6694 
C -2.80855 0.69597 0.57791 H 3.18137 0 -2.69984 
C -2.90174 1.1431 -0.80893 H 2.38283 2.38283 -2.46055 
H -3.18137 0 -2.69984 H -2.38283 2.38283 -2.46055 
C 0 -3.1398 -1.6161      
C -1.1431 -2.90174 -0.80893      
 
[5.7]4cyclacene Open-Shell Singlet 
UB3LYP\6-31G(d) 
HF=-1228.7750946 
 
C 0 3.1818 -1.60757 C -0.70983 -2.83588 0.5798 
C -1.14403 2.90589 -0.8129 C 0.70983 -2.83588 0.5798 
C -0.70983 2.83588 0.5798 C 1.14403 -2.90589 -0.8129 
C 0.70983 2.83588 0.5798 H 0 -3.19608 -2.69149 
C 1.14403 2.90589 -0.8129 C 2.49177 -1.51888 1.70292 
H 0 3.19608 -2.69149 C 1.51888 -2.49177 1.70292 
C 1.51888 2.49177 1.70292 C 2.28377 -2.28377 -1.36931 
C 2.49177 1.51888 1.70292 C -1.51888 -2.49177 1.70292 
C -1.51888 2.49177 1.70292 C -2.49177 -1.51888 1.70292 
C -2.49177 1.51888 1.70292 C -2.28377 -2.28377 -1.36931 
C 2.28377 2.28377 -1.36931 H 2.84787 1.19363 2.67948 
C -2.28377 2.28377 -1.36931 H 1.19363 2.84787 2.67948 
C 3.1818 0 -1.60757 H -1.19363 2.84787 2.67948 
C 2.90589 1.14403 -0.8129 H -2.84787 1.19363 2.67948 
C 2.83588 0.70983 0.5798 H -2.41255 -2.41255 -2.44391 
C 2.83588 -0.70983 0.5798 H -1.19363 -2.84787 2.67948 
C 2.90589 -1.14403 -0.8129 H -2.84787 -1.19363 2.67948 
C -3.1818 0 -1.60757 H 2.41255 -2.41255 -2.44391 
C -2.90589 -1.14403 -0.8129 H 2.84787 -1.19363 2.67948 
C -2.83588 -0.70983 0.5798 H 1.19363 -2.84787 2.67948 
C -2.83588 0.70983 0.5798 H 3.19608 0 -2.69149 
C -2.90589 1.14403 -0.8129 H 2.41255 2.41255 -2.44391 
H -3.19608 0 -2.69149 H -2.41255 2.41255 -2.44391 
C 0 -3.1818 -1.60757     
C -1.14403 -2.90589 -0.8129     
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[5.7]4cyclacene Triplet 
UB3LYP\6-31G(d) 
HF=-1228.7431671 
 
C 0 3.14053 -1.61589 C -0.69593 -2.80901 0.57789 
C -1.14319 2.90271 -0.80884 C 0.69593 -2.80901 0.57789 
C -0.69593 2.80901 0.57789 C 1.14319 -2.90271 -0.80884 
C 0.69593 2.80901 0.57789 H 0 -3.18107 -2.69967 
C 1.14319 2.90271 -0.80884 C 2.5036 -1.54506 1.71744 
H 0 3.18107 -2.69967 C 1.54506 -2.5036 1.71744 
C 1.54506 2.5036 1.71744 C 2.24987 -2.24987 -1.38695 
C 2.5036 1.54506 1.71744 C -1.54506 -2.5036 1.71744 
C -1.54506 2.5036 1.71744 C -2.5036 -1.54506 1.71744 
C -2.5036 1.54506 1.71744 C -2.24987 -2.24987 -1.38695 
C 2.24987 2.24987 -1.38695 H 2.96746 1.2915 2.66969 
C -2.24987 2.24987 -1.38695 H 1.2915 2.96746 2.66969 
C 3.14053 0 -1.61589 H -1.2915 2.96746 2.66969 
C 2.90271 1.14319 -0.80884 H -2.96746 1.2915 2.66969 
C 2.80901 0.69593 0.57789 H -2.38289 -2.38289 -2.46062 
C 2.80901 -0.69593 0.57789 H -1.2915 -2.96746 2.66969 
C 2.90271 -1.14319 -0.80884 H -2.96746 -1.2915 2.66969 
C -3.14053 0 -1.61589 H 2.38289 -2.38289 -2.46062 
C -2.90271 -1.14319 -0.80884 H 2.96746 -1.2915 2.66969 
C -2.80901 -0.69593 0.57789 H 1.2915 -2.96746 2.66969 
C -2.80901 0.69593 0.57789 H 3.18107 0 -2.69967 
C -2.90271 1.14319 -0.80884 H 2.38289 2.38289 -2.46062 
H -3.18107 0 -2.69967 H -2.38289 2.38289 -2.46062 
C 0 -3.14053 -1.61589     
C -1.14319 -2.90271 -0.80884     
 
 
[5.7]5cyclacene Closed-Shell Singlet 
RB3LYP\6-31G(d) 
HF=-1536.0572584 
 
C 1.14448 3.69709 -0.81158 C -0.68061 -3.55552 1.71335 
C 0 3.94031 -1.6086 C 0.68061 -3.55552 1.71335 
C -1.14448 3.69709 -0.81158 C 0 -3.96213 -1.38515 
C -0.69835 3.56091 0.57654 C 3.17118 -1.74602 1.71335 
C 0.69835 3.56091 0.57654 C 3.59182 -0.45142 1.71335 
H 0 4.02597 -2.68965 C 1.53926 3.27653 1.71335 
C -3.16248 2.23093 -0.81158 C 2.64051 2.47642 1.71335 
C -3.74746 1.21762 -1.6086 C 2.32888 3.20543 -1.38515 
C -3.8698 0.054 -0.81158 C -2.64051 2.47642 1.71335 
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C -3.60242 0.43621 0.57654 C -1.53926 3.27653 1.71335 
C -3.17082 1.76455 0.57654 C -2.32888 3.20543 -1.38515 
H -3.82892 1.24409 -2.68965 C -3.59182 -0.45142 1.71335 
C -1.24719 -3.66372 -0.81158 C -3.17118 -1.74602 1.71335 
C -2.31606 -3.18778 -1.6086 H -1.17101 -3.60937 2.68399 
C -3.099 -2.3183 -0.81158 H 1.17101 -3.60937 2.68399 
C -2.65803 -2.47035 0.57654 H 3.06891 2.23174 2.68399 
C -1.52807 -3.29131 0.57654 H -3.79458 -0.00166 2.68399 
H -2.3664 -3.25708 -2.68965 H -3.06891 2.23174 2.68399 
C 3.099 -2.3183 -0.81158 H -1.17417 3.60835 2.68399 
C 2.31606 -3.18778 -1.6086 H -2.44947 3.3714 -2.4556 
C 1.24719 -3.66372 -0.81158 H 1.17417 3.60835 2.68399 
C 1.52807 -3.29131 0.57654 H 0 -4.16728 -2.4556 
C 2.65803 -2.47035 0.57654 H 2.44947 3.3714 -2.4556 
H 2.3664 -3.25708 -2.68965 H 3.07086 -2.22906 2.68399 
C 3.8698 0.054 -0.81158 H 3.79458 -0.00166 2.68399 
C 3.74746 1.21762 -1.6086 H 3.96332 -1.28776 -2.4556 
C 3.16248 2.23093 -0.81158 C -3.76821 -1.22437 -1.38515 
C 3.17082 1.76455 0.57654 C 3.76821 -1.22437 -1.38515 
C 3.60242 0.43621 0.57654 H -3.07086 -2.22906 2.68399 
H 3.82892 1.24409 -2.68965 H -3.96332 -1.28776 -2.4556 
 
 
[5.7]5cyclacene Open-Shell Singlet 
UB3LYP\6-31G(d) 
HF=-1536.0573265 
 
C -0.94748 0.0755 1.74035 C -5.15948 6.13975 -0.41489 
C 0.29295 0.16037 1.06343 C -4.09867 5.11436 -3.253 
C 0.88753 1.40053 1.39914 C -6.16257 3.59 0.9873 
C 0.12537 1.97195 2.51126 C -5.78876 2.55422 1.78744 
C -0.99452 1.16342 2.7196 C -2.09591 1.46358 3.60126 
H 0.59713 -0.47369 0.23789 C -3.41752 1.31547 3.31033 
C 1.69958 3.46698 0.26312 C -2.02969 -0.61762 1.17339 
C 1.80198 3.99732 -1.04551 C 0.81553 4.37298 2.5226 
C 1.07052 5.20886 -1.08197 C 0.373 3.24504 3.1429 
C 0.73579 5.56732 0.29796 C 1.70337 2.07899 0.47858 
C 1.11968 4.50434 1.11864 C -0.0317 6.71615 0.71293 
H 2.13959 3.44657 -1.91658 C -1.07956 7.26407 0.03872 
C -3.0722 5.96253 -2.80567 H -3.93576 7.76709 0.06254 
C -1.76473 5.86174 -3.33909 H -5.81308 6.41089 0.41266 
C -0.85001 6.21241 -2.3171 H -4.12614 1.74118 4.01893 
C -1.61746 6.79755 -1.21571 H 0.14629 7.08101 1.72322 
C -2.97352 6.64506 -1.51377 H 0.79389 5.29336 3.10397 
H -1.5049 5.35143 -4.26001 H 0.03332 3.35235 4.17179 
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C -5.81799 2.62271 -1.39057 H 2.14535 1.47138 -0.31098 
C -5.47777 3.17946 -2.64694 H -1.85314 1.99558 4.51971 
C -5.07181 4.51892 -2.43337 H -3.95568 4.66303 -4.23476 
C -5.42345 4.87551 -1.05731 H -1.78013 -1.36402 0.41935 
C -5.87882 3.71846 -0.42108 H -6.5783 4.46642 1.48182 
H -5.29905 2.61101 -3.55301 H -5.93528 2.6841 2.85852 
C -5.1324 0.72493 0.07564 H -5.55256 0.60618 -2.00298 
C -4.20486 -0.3446 0.07482 C 0.42353 5.62259 -2.25819 
C -3.36913 -0.19617 1.20787 C -5.61683 1.25688 -1.13095 
C -3.96307 0.83068 2.06634 H -1.65672 8.02398 0.56305 
C -5.03913 1.3928 1.37539 H 0.80003 5.19781 -3.18867 
H -3.99864 -0.99019 -0.77178     
C -4.06847 6.92781 -0.61826     
 
[5.7]5cyclacene Triplet 
UB3LYP\6-31G(d) 
HF= -1536.037721 
 
C -0.91138 0.08453 1.74793 C -5.18134 6.16007 -0.44572 
C 0.34493 0.12999 1.10678 C -4.16149 5.16214 -3.28802 
C 0.93899 1.38544 1.41825 C -6.16361 3.6224 0.97465 
C 0.16164 1.9738 2.52257 C -5.75995 2.60112 1.77498 
C -0.96421 1.17557 2.72415 C -2.06722 1.48807 3.60328 
H 0.63611 -0.49679 0.27164 C -3.3856 1.36645 3.2964 
C 1.73904 3.45827 0.28984 C -2.01306 -0.61078 1.19237 
C 1.82582 3.99515 -1.03005 C 0.89437 4.36315 2.54084 
C 1.06373 5.18163 -1.08497 C 0.4183 3.23572 3.1531 
C 0.7467 5.55132 0.29883 C 1.77488 2.05925 0.52859 
C 1.1944 4.47952 1.14544 C -0.08457 6.5901 0.73321 
H 2.16397 3.43847 -1.8968 C -1.16136 7.15314 0.04086 
C -3.10519 5.98813 -2.82279 H -3.96287 7.80116 0.02146 
C -1.78218 5.87943 -3.34765 H -5.81066 6.41837 0.40482 
C -0.8625 6.18765 -2.32199 H -4.09812 1.78979 4.00279 
C -1.62846 6.79214 -1.22788 H -0.04847 6.83012 1.79372 
C -3.02295 6.68142 -1.56395 H 0.86568 5.28402 3.12047 
H -1.52911 5.36871 -4.26992 H 0.05304 3.3569 4.17197 
C -5.8306 2.65266 -1.41169 H 2.21917 1.45691 -0.26327 
C -5.54191 3.20699 -2.67731 H -1.82157 1.99908 4.53324 
C -5.10651 4.54546 -2.4687 H -4.01284 4.71493 -4.27048 
C -5.44101 4.90127 -1.07857 H -1.76892 -1.37436 0.45422 
C -5.88741 3.74487 -0.43828 H -6.60478 4.48979 1.46383 
H -5.34794 2.63126 -3.57507 H -5.90723 2.72509 2.84684 
C -5.10643 0.76663 0.05911 H -5.59237 0.61823 -1.99849 
C -4.19699 -0.32552 0.07568 C 0.41868 5.61449 -2.25551 
C -3.33678 -0.1549 1.1936 C -5.63563 1.27753 -1.13189 
C -3.92145 0.89259 2.04262 H -1.82757 7.76052 0.64976 
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C -4.99476 1.45124 1.35465 H 0.78674 5.17786 -3.18365 
H -3.99065 -0.97096 -0.77065     
C -4.10095 6.97112 -0.66891     
 
[5.7]6cyclacene Closed-Shell Singlet 
RB3LYP\6-31G(d) 
HF=-1843.3271682 
 
C 0 4.73308 -1.60131 C 2.36985 4.1047 -1.38069 
C 1.14596 4.48572 -0.81145 C -2.71833 3.34309 1.70717 
C 0.70039 4.30936 0.57516 C -2.36985 4.1047 -1.38069 
C -0.70039 4.30936 0.57516 C -1.53604 4.02568 1.70717 
C -1.14596 4.48572 -0.81145 C -4.25436 0.6826 1.70717 
H 0 4.85444 -2.67888 C -4.7397 0 -1.38069 
C 4.09896 2.36654 -1.60131 C -4.25436 -0.6826 1.70717 
C 4.45772 1.25043 -0.81145 C 4.25436 -0.6826 1.70717 
C 4.08221 1.54813 0.57516 C 4.7397 0 -1.38069 
C 3.38182 2.76123 0.57516 C 4.25436 0.6826 1.70717 
C 3.31177 3.23528 -0.81145 C 2.71833 -3.34309 1.70717 
H 4.20407 2.42722 -2.67888 C 1.53604 -4.02568 1.70717 
C -3.31177 3.23528 -0.81145 C 2.36985 -4.1047 -1.38069 
C -3.38182 2.76123 0.57516 C -1.53604 -4.02568 1.70717 
C -4.08221 1.54813 0.57516 C -2.71833 -3.34309 1.70717 
C -4.45772 1.25043 -0.81145 C -2.36985 -4.1047 -1.38069 
C 4.09896 -2.36654 -1.60131 H 3.12886 3.09387 2.68389 
C 3.31177 -3.23528 -0.81145 H 1.11494 4.2566 2.68389 
C 3.38182 -2.76123 0.57516 H 2.48177 4.29855 -2.44739 
C 4.08221 -1.54813 0.57516 H -2.48177 4.29855 -2.44739 
C 4.45772 -1.25043 -0.81145 H -1.11494 4.2566 2.68389 
H 4.20407 -2.42722 -2.67888 H -3.12886 3.09387 2.68389 
C 0 -4.73308 -1.60131 H 4.24379 1.16274 2.68389 
C 1.14596 -4.48572 -0.81145 H 4.96353 0 -2.44739 
C 0.70039 -4.30936 0.57516 H 4.24379 -1.16274 2.68389 
C -0.70039 -4.30936 0.57516 H 1.11494 -4.2566 2.68389 
C -1.14596 -4.48572 -0.81145 H 3.12886 -3.09387 2.68389 
H 0 -4.85444 -2.67888 H 2.48177 -4.29855 -2.44739 
C -4.09896 -2.36654 -1.60131 H -1.11494 -4.2566 2.68389 
C -3.31177 -3.23528 -0.81145 H -3.12886 -3.09387 2.68389 
C -3.38182 -2.76123 0.57516 H -2.48177 -4.29855 -2.44739 
C -4.08221 -1.54813 0.57516 H -4.24379 -1.16274 2.68389 
C -4.45772 -1.25043 -0.81145 H -4.24379 1.16274 2.68389 
H -4.20407 -2.42722 -2.67888 H -4.96353 0 -2.44739 
C 2.71833 3.34309 1.70717 C -4.09896 2.36654 -1.60131 
C 1.53604 4.02568 1.70717 H -4.20407 2.42722 -2.67888 
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[5.7]6cyclacene Open-Shell Singlet 
UB3LYP\6-31G(d) 
HF=-1843.3271682 
 
C 0 4.73308 -1.60131 C 2.36985 4.1047 -1.38069 
C 1.14596 4.48572 -0.81145 C -2.71833 3.34309 1.70717 
C 0.70039 4.30936 0.57516 C -2.36985 4.1047 -1.38069 
C -0.70039 4.30936 0.57516 C -1.53604 4.02568 1.70717 
C -1.14596 4.48572 -0.81145 C -4.25436 0.6826 1.70717 
H 0 4.85444 -2.67888 C -4.7397 0 -1.38069 
C 4.09896 2.36654 -1.60131 C -4.25436 -0.6826 1.70717 
C 4.45772 1.25043 -0.81145 C 4.25436 -0.6826 1.70717 
C 4.08221 1.54813 0.57516 C 4.7397 0 -1.38069 
C 3.38182 2.76123 0.57516 C 4.25436 0.6826 1.70717 
C 3.31177 3.23528 -0.81145 C 2.71833 -3.34309 1.70717 
H 4.20407 2.42722 -2.67888 C 1.53604 -4.02568 1.70717 
C -3.31177 3.23528 -0.81145 C 2.36985 -4.1047 -1.38069 
C -3.38182 2.76123 0.57516 C -1.53604 -4.02568 1.70717 
C -4.08221 1.54813 0.57516 C -2.71833 -3.34309 1.70717 
C -4.45772 1.25043 -0.81145 C -2.36985 -4.1047 -1.38069 
C 4.09896 -2.36654 -1.60131 H 3.12886 3.09387 2.68389 
C 3.31177 -3.23528 -0.81145 H 1.11494 4.2566 2.68389 
C 3.38182 -2.76123 0.57516 H 2.48177 4.29855 -2.44739 
C 4.08221 -1.54813 0.57516 H -2.48177 4.29855 -2.44739 
C 4.45772 -1.25043 -0.81145 H -1.11494 4.2566 2.68389 
H 4.20407 -2.42722 -2.67888 H -3.12886 3.09387 2.68389 
C 0 -4.73308 -1.60131 H 4.24379 1.16274 2.68389 
C 1.14596 -4.48572 -0.81145 H 4.96353 0 -2.44739 
C 0.70039 -4.30936 0.57516 H 4.24379 -1.16274 2.68389 
C -0.70039 -4.30936 0.57516 H 1.11494 -4.2566 2.68389 
C -1.14596 -4.48572 -0.81145 H 3.12886 -3.09387 2.68389 
H 0 -4.85444 -2.67888 H 2.48177 -4.29855 -2.44739 
C -4.09896 -2.36654 -1.60131 H -1.11494 -4.2566 2.68389 
C -3.31177 -3.23528 -0.81145 H -3.12886 -3.09387 2.68389 
C -3.38182 -2.76123 0.57516 H -2.48177 -4.29855 -2.44739 
C -4.08221 -1.54813 0.57516 H -4.24379 -1.16274 2.68389 
C -4.45772 -1.25043 -0.81145 H -4.24379 1.16274 2.68389 
H -4.20407 -2.42722 -2.67888 H -4.96353 0 -2.44739 
C 2.71833 3.34309 1.70717 C -4.09896 2.36654 -1.60131 
C 1.53604 4.02568 1.70717 H -4.20407 2.42722 -2.67888 
 
 
  
153 
 
 
 
[5.7]6cyclacene Triplet 
UB3LYP\6-31G(d) 
HF=-1843.3127657 
 
 
C -2.05883 -1.73212 -4.63232 C 0.06055 -2.83587 -5.22342 
C -0.73608 -2.11915 -4.31841 C -3.28868 -2.02178 -0.31113 
C -0.57178 -2.00261 -2.86518 C -4.1753 -1.78207 -3.37596 
C -1.82382 -1.69169 -2.3192 C -2.13202 -1.62621 -0.91898 
C -2.78427 -1.60974 -3.42524 C -5.05156 -4.24962 0.85985 
H -2.49785 -1.75999 -5.62346 C -6.89505 -5.21734 -1.56938 
C 1.25837 -4.92813 -5.72096 C -5.25225 -5.56768 1.15353 
C 1.74916 -5.97921 -4.91315 C 2.35042 -7.46044 -2.16237 
C 2.04472 -5.42108 -3.58884 C 1.57578 -7.32618 -5.26368 
C 1.59714 -4.09382 -3.57704 C 2.55123 -6.14242 -2.45604 
C 1.01648 -3.80773 -4.89359 C 0.58691 -9.68751 -0.99204 
H 0.90547 -5.03797 -6.74042 C -0.56971 -10.0838 -0.38467 
C -4.90289 -2.33475 -2.31179 C -1.14589 -10.7614 -3.45803 
C -4.44694 -2.58934 -0.9408 C -3.31511 -9.40192 0.81331 
C -5.25069 -3.6049 -0.40696 C -4.27115 -8.47948 1.12745 
C -6.21804 -3.99601 -1.43826 C -5.38167 -9.70824 -1.60996 
C 0.56128 -9.4978 -4.70268 H 2.31611 -3.42924 -1.6628 
C 0.06489 -10.0547 -3.502 H 0.687 -1.85883 -1.12812 
C 0.78506 -9.42569 -2.38928 H -0.26371 -2.81808 -6.26383 
C 1.58922 -8.41033 -2.92281 H -4.69958 -1.71437 -4.3291 
C 1.38061 -8.39352 -4.37488 H -1.30782 -1.36454 -0.25805 
H 0.18961 -9.72515 -5.69569 H -3.27755 -2.03804 0.7771 
C -3.44937 -10.8715 -2.5966 H 3.02716 -5.54522 -1.68048 
C -2.05403 -10.7805 -2.3893 H 1.32365 -7.52021 -6.30615 
C -1.8381 -10.3246 -1.01167 H 2.68482 -7.78942 -1.18025 
C -3.08998 -10.0136 -0.46544 H -0.56537 -10.0814 0.7037 
C -4.10224 -10.2716 -1.49564 H 1.40445 -9.40678 -0.33063 
H -3.92408 -11.1341 -3.5355 H -1.52675 -11.1169 -4.41536 
C -6.76499 -7.67467 -1.50685 H -2.5591 -9.58776 1.57395 
C -5.85405 -8.58233 -0.91988 H -4.1874 -8.01663 2.10898 
C -5.25813 -7.92194 0.24699 H -5.9627 -10.0145 -2.47981 
C -5.70548 -6.59453 0.25898 H -4.89917 -5.9013 2.12752 
C -6.58571 -6.41055 -0.90025 H -4.55739 -3.6569 1.6274 
H -7.32585 -7.85517 -2.41721 H -7.5471 -5.31138 -2.43762 
C 1.57065 -3.2306 -2.43059 C -6.06905 -3.10456 -2.52515 
C 0.6142 -2.30854 -2.1166 H -6.61141 -3.16769 -3.46204 
  
154 
 
 
 
[5.7]7cyclacene Closed-shell singlet 
RB3LYP\6-31G(d) 
HF=-2150.5887363 
 
C -0.00001 5.56444 -1.57742 C 3.21858 -3.43 1.72673 
C -1.14751 5.16523 -0.85015 C -4.68843 0.37781 1.72672 
C -0.69171 4.81747 0.57439 C -5.46317 1.24691 -1.4114 
C 0.6917 4.81747 0.57438 C -4.38806 1.69383 1.72673 
C 1.14748 5.16524 -0.85015 C -4.0602 -2.37464 1.72673 
H -0.00001 6.04046 -2.53569 C -3.21858 -3.43 1.72672 
C -4.35046 3.46936 -1.57742 C -4.38111 -3.49384 -1.4114 
C -4.7538 2.32331 -0.85015 C -0.67493 -4.65495 1.72673 
C -4.19772 2.46284 0.57439 C 0.67493 -4.65495 1.72672 
C -3.33518 3.54444 0.57438 C 0.00002 -5.60366 -1.4114 
C -3.3229 4.11761 -0.85015 H -3.06009 3.65436 2.6739 
H -4.72263 3.76616 -2.53569 H -0.94918 4.67092 2.67393 
C 3.32288 4.11763 -0.85015 H -2.69591 5.59806 -2.29068 
C 3.33518 3.54444 0.57439 H 2.69587 5.59808 -2.29068 
C 4.54277 -1.74635 0.57438 H 0.94916 4.67093 2.6739 
C 4.7804 -2.26809 -0.85015 H 3.06007 3.65437 2.67393 
C -5.42492 -1.23822 -1.57742 H -4.24368 2.17018 2.67393 
C -4.78039 -2.26811 -0.85015 H -6.05762 1.38258 -2.29068 
C -4.54276 -1.74635 0.57439 H -4.76503 -0.11401 2.6739 
C -4.8506 -0.39763 0.57438 H -2.8818 -3.79653 2.6739 
C -5.29108 -0.03066 -0.85015 H -4.3426 -1.96476 2.67393 
H -5.88901 -1.34414 -2.53569 H -4.85781 -3.87401 -2.29068 
C -2.41431 -5.01339 -1.57742 H -1.17146 -4.62019 2.67393 
C -3.27496 -4.15585 -0.85015 H 1.17147 -4.62019 2.6739 
C -2.71342 -4.04027 0.57438 H 0.00003 -6.21339 -2.29068 
C -1.46702 -4.64051 0.57439 H 2.88182 -3.79652 2.67393 
C -1.20724 -5.1516 -0.85015 H 4.34261 -1.96474 2.6739 
H -2.62085 -5.44227 -2.53569 H 4.85784 -3.87397 -2.29068 
C 2.41433 -5.01338 -1.57742 C 4.8506 -0.39762 0.57439 
C 1.20727 -5.1516 -0.85015 C 5.42493 -1.23819 -1.57742 
C 1.46702 -4.64051 0.57438 C 5.29108 -0.03064 -0.85015 
C 2.71343 -4.04027 0.57439 C 4.68843 0.37782 1.72673 
C 3.27498 -4.15583 -0.85015 C 4.38806 1.69383 1.72672 
H 2.62087 -5.44226 -2.53569 C 4.19772 2.46285 0.57438 
C -2.6278 3.90113 1.72672 C 4.75379 2.32334 -0.85015 
C -1.41162 4.48681 1.72673 C 5.46316 1.24695 -1.4114 
C -2.43135 5.04872 -1.4114 C 4.35044 3.46938 -1.57742 
C 2.6278 3.90113 1.72673 H 4.76503 -0.114 2.67393 
C 2.43132 5.04873 -1.4114 H 4.24367 2.17019 2.6739 
C 1.41162 4.48681 1.72672 H 6.0576 1.38264 -2.29068 
C 4.0602 -2.37463 1.72672 H 5.88902 -1.34412 -2.53569 
C 4.38113 -3.49381 -1.4114 H 4.72261 3.76618 -2.53569 
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[5.7]7cyclacene Open-shell singlet 
UB3LYP\6-31G(d) 
HF=-2150.5887363 
 
C -0.00001 5.56444 -1.57742 C 3.21858 -3.43 1.72673 
C -1.14751 5.16523 -0.85015 C -4.68843 0.37781 1.72672 
C -0.69171 4.81747 0.57439 C -5.46317 1.24691 -1.4114 
C 0.6917 4.81747 0.57438 C -4.38806 1.69383 1.72673 
C 1.14748 5.16524 -0.85015 C -4.0602 -2.37464 1.72673 
H -0.00001 6.04046 -2.53569 C -3.21858 -3.43 1.72672 
C -4.35046 3.46936 -1.57742 C -4.38111 -3.49384 -1.4114 
C -4.7538 2.32331 -0.85015 C -0.67493 -4.65495 1.72673 
C -4.19772 2.46284 0.57439 C 0.67493 -4.65495 1.72672 
C -3.33518 3.54444 0.57438 C 0.00002 -5.60366 -1.4114 
C -3.3229 4.11761 -0.85015 H -3.06009 3.65436 2.6739 
H -4.72263 3.76616 -2.53569 H -0.94918 4.67092 2.67393 
C 3.32288 4.11763 -0.85015 H -2.69591 5.59806 -2.29068 
C 3.33518 3.54444 0.57439 H 2.69587 5.59808 -2.29068 
C 4.54277 -1.74635 0.57438 H 0.94916 4.67093 2.6739 
C 4.7804 -2.26809 -0.85015 H 3.06007 3.65437 2.67393 
C -5.42492 -1.23822 -1.57742 H -4.24368 2.17018 2.67393 
C -4.78039 -2.26811 -0.85015 H -6.05762 1.38258 -2.29068 
C -4.54276 -1.74635 0.57439 H -4.76503 -0.11401 2.6739 
C -4.8506 -0.39763 0.57438 H -2.8818 -3.79653 2.6739 
C -5.29108 -0.03066 -0.85015 H -4.3426 -1.96476 2.67393 
H -5.88901 -1.34414 -2.53569 H -4.85781 -3.87401 -2.29068 
C -2.41431 -5.01339 -1.57742 H -1.17146 -4.62019 2.67393 
C -3.27496 -4.15585 -0.85015 H 1.17147 -4.62019 2.6739 
C -2.71342 -4.04027 0.57438 H 0.00003 -6.21339 -2.29068 
C -1.46702 -4.64051 0.57439 H 2.88182 -3.79652 2.67393 
C -1.20724 -5.1516 -0.85015 H 4.34261 -1.96474 2.6739 
H -2.62085 -5.44227 -2.53569 H 4.85784 -3.87397 -2.29068 
C 2.41433 -5.01338 -1.57742 C 4.8506 -0.39762 0.57439 
C 1.20727 -5.1516 -0.85015 C 5.42493 -1.23819 -1.57742 
C 1.46702 -4.64051 0.57438 C 5.29108 -0.03064 -0.85015 
C 2.71343 -4.04027 0.57439 C 4.68843 0.37782 1.72673 
C 3.27498 -4.15583 -0.85015 C 4.38806 1.69383 1.72672 
H 2.62087 -5.44226 -2.53569 C 4.19772 2.46285 0.57438 
C -2.6278 3.90113 1.72672 C 4.75379 2.32334 -0.85015 
C -1.41162 4.48681 1.72673 C 5.46316 1.24695 -1.4114 
C -2.43135 5.04872 -1.4114 C 4.35044 3.46938 -1.57742 
C 2.6278 3.90113 1.72673 H 4.76503 -0.114 2.67393 
C 2.43132 5.04873 -1.4114 H 4.24367 2.17019 2.6739 
C 1.41162 4.48681 1.72672 H 6.0576 1.38264 -2.29068 
C 4.0602 -2.37463 1.72672 H 5.88902 -1.34412 -2.53569 
C 4.38113 -3.49381 -1.4114 H 4.72261 3.76618 -2.53569 
 
156 
 
 
 
[5.7]7cyclacene Triplet 
UB3LYP\6-31G(d) 
HF=-2150.5782466 
 
C 2.33067 -5.1946 -0.47226 C -6.40037 -9.66732 2.71811 
C 1.52898 -4.51435 -1.41509 C -4.06979 -4.92276 -5.00402 
C 0.4993 -3.77519 -0.67312 C -1.49362 -6.5075 -6.0471 
C 0.61884 -4.12352 0.68146 C -3.04355 -4.12694 -4.5748 
C 1.72444 -5.08309 0.79852 C -6.25704 -7.04711 -4.65023 
H 3.14975 -5.86208 -0.71583 C -6.9872 -7.95746 -3.93688 
C 0.40235 -5.47996 -4.85071 C -4.90411 -9.82148 -5.49423 
C -0.94701 -5.47937 -5.26726 C -7.75384 -9.51479 -1.40566 
C -1.65545 -4.46147 -4.48045 C -7.63679 -9.85332 -0.08566 
C -0.75758 -3.96241 -3.52376 C -6.09787 -12.249 -1.5451 
C 0.52026 -4.66352 -3.70435 H -1.94825 -2.40362 -2.65945 
H 1.16795 -6.15492 -5.21675 H -1.01596 -2.2645 -0.54608 
C 1.10089 -6.3525 2.86736 H 2.42084 -5.39488 -3.12255 
C -0.1579 -5.70471 3.25789 H 2.84675 -6.63527 1.70227 
C -4.18588 -9.61444 3.90588 H -0.83124 -2.80167 1.54427 
C -3.6315 -10.9461 3.62983 H -1.40723 -3.97398 3.45454 
C -3.19348 -8.26761 -6.35528 H -3.33465 -3.17402 -4.13774 
C -4.46145 -8.525 -5.78932 H -0.77673 -7.1722 -6.52895 
C -4.99751 -7.24852 -5.29878 H -5.07098 -4.5204 -4.86379 
C -3.99716 -6.27709 -5.46024 H -7.85026 -7.56069 -3.40626 
C -2.82726 -6.9373 -6.05398 H -6.61467 -6.02018 -4.6129 
H -2.52815 -9.02025 -6.76343 H -4.33754 -10.6333 -5.95008 
C -5.75191 -11.4574 -3.85513 H -8.39349 -8.66113 -1.6203 
C -5.79942 -10.1928 -4.48235 H -8.19551 -9.23391 0.61296 
C -6.66376 -9.32576 -3.6712 H -5.58455 -13.1683 -1.82643 
C -7.01438 -10.038 -2.51348 H -7.32108 -9.10135 2.59225 
C -6.37164 -11.3564 -2.59019 H -5.84035 -8.27712 4.1683 
H -5.15766 -12.299 -4.19323 H -3.57318 -12.867 2.73968 
C -5.34422 -12.6452 0.76932 C -3.13252 -8.79823 4.34732 
C -6.15828 -11.9773 -0.17185 C -2.27802 -10.9383 4.03299 
C -6.74809 -10.8109 0.49813 C -1.91015 -9.61238 4.35046 
C -6.18316 -10.7262 1.78037 C -3.22134 -7.39535 4.61498 
C -5.23481 -11.8384 1.92312 C -2.24611 -6.4491 4.45881 
H -4.73881 -13.5202 0.56057 C -0.90737 -6.63889 3.99022 
C -1.07976 -3.03485 -2.48289 C -0.12352 -7.87869 4.06432 
C -0.52865 -2.95267 -1.23372 C -0.57845 -9.17666 4.33197 
C 1.56874 -4.80478 -2.7855 C 1.13813 -7.62274 3.48345 
C -0.6074 -4.40659 2.85699 H -4.21411 -7.01725 4.85024 
C 1.97688 -5.99213 1.83458 H -2.56414 -5.41637 4.58626 
C -0.26686 -3.71359 1.72795 H 0.1785 -9.9605 4.30977 
C -5.52505 -9.18002 3.64941 H -1.5876 -11.7661 3.9153 
C -4.17124 -11.9601 2.82751 H 1.92389 -8.35789 3.34971 
 
 
157 
 
 
 
 
Azulene 
B3LYP/6-31G(d) 
HF=-385.8381597 
 
C -0.84437 -1.04305 0 
C 0.51636 -1.04305 0 
C 1.40508 0.05904 0 
C -1.74917 0.04587 0.00081 
C 1.09775 1.38031 0.00027 
C -1.48834 1.38052 0.00169 
C -0.23616 2.03132 0.00136 
H -1.33505 -2.03866 -0.00058 
H 1.01438 -2.03319 -0.00034 
H 2.48234 -0.20635 -0.00041 
H -2.81751 -0.24984 0.00091 
H -2.36128 2.06568 0.00257 
C 2.06924 2.46688 -0.00007 
H 3.14608 2.31365 -0.00106 
C 1.38928 3.66855 0.00092 
H 1.82612 4.66635 0.00098 
C -0.03164 3.40806 0.00181 
H -0.80068 4.17731 0.00275 
 
 
  
158 
 
 
 
 
B3LYP/6-31G(d) 
HF=-1307.5613939 
 
C 4.74071 0.35435 -0.002 C -8.90001 1.45471 0.00262 
C 4.54495 -1.07534 -0.00105 C -9.72442 0.26649 0.00443 
C 3.33371 -1.78853 -0.00193 C -8.91751 -0.83703 0.00447 
C 3.76455 1.36561 -0.00393 H -0.17903 2.1932 -
0.00354 
C 2.03102 -1.30857 -0.00307 H -2.45837 2.33296 -
0.00246 
C 2.37932 1.24979 -0.00469 H -1.64423 -2.92182 -
0.00144 
C 1.57015 0.10684 -0.00383 H -4.19498 -2.89553 0.00142 
H 3.43297 -2.87408 -0.00166 H -6.73665 3.04808 -0.0016 
H 4.13337 2.38808 -0.00527 H -4.47226 2.60218 -
0.00374 
H 1.85011 2.19986 -0.00674 H -9.22355 -1.87656 0.00561 
C 0.88333 -2.12129 -0.00393 H -9.27205 2.4737 0.00186 
H 0.88371 -3.20506 -0.00459 H -10.8089 0.26675 0.00562 
C -0.26251 -1.30904 -0.00247 H -6.65231 -2.28438 0.0023 
C 0.14771 0.08882 -0.00224 C 6.17639 0.58074 0.00052 
C -0.69348 1.23534 -0.00208 C 6.82789 -0.75738 0.00214 
C -2.06632 1.31882 -0.00135 C 5.82863 -1.70816 0.00112 
C -1.58209 -1.83343 -0.00189 C 6.79299 1.80888 0.00092 
C -3.04324 0.29059 -0.00068 C 8.17938 2.12108 0.00261 
C -2.78342 -1.16378 -0.00109 C 9.25751 1.26356 0.00423 
C -4.44214 0.46792 -0.00117 C 9.2816 -0.15755 0.00511 
C -5.05926 -0.86935 -0.00021 C 8.21918 -1.03221 0.00433 
C -4.05301 -1.82096 0.00028 H 6.13919 2.67827 0 
C -5.11747 1.72718 -0.00168 H 8.41225 3.18329 0.00286 
C -6.45918 1.99452 -0.00032 H 10.23675 1.73918 0.00494 
C -6.44918 -1.213 0.00136 H 10.27176 -0.60706 0.00632 
C -7.53402 -0.38757 0.00232 H 8.47189 -2.09201 0.00523 
C -7.56697 1.09335 0.00188 H 5.98144 -2.78155 0.00231 
 
159 
 
 
 
 
 
B3LYP/6-31G(d) 
HF=-1614.8033816 
 
C -7.01872 0.50659 0.00008 H 1.64355 -3.40837 -0.00009 
C -6.92725 -0.9327 0.00025 H 4.61892 2.32133 0.0001 
C -5.7674 -1.73354 0.00032 H 2.35366 2.04611 0.00019 
C -5.96243 1.4472 0.00006 H 6.69189 -2.78085 -0.00034 
C -4.43651 -1.34634 0.00022 H 4.15042 -2.97368 -0.00028 
C -4.59726 1.23236 0.00001 C -8.42458 0.83671 -0.00005 
C -3.86851 0.02482 0.00001 C -9.17782 -0.44858 0.00003 
H -5.94451 -2.80898 0.00042 C -8.24877 -1.47265 0.00018 
H -6.25787 2.49333 0.0002 C -8.95339 2.11088 -0.00019 
H -3.99826 2.13989 0.00016 C -10.3072 2.52168 -0.00032 
C -3.35132 -2.24971 0.00024 C -11.4502 1.74296 -0.00034 
H -3.43698 -3.3301 0.0003 C -11.5791 0.33342 -0.00021 
C -2.15094 -1.52871 0.00008 C -10.5807 -0.62038 -0.00005 
C -2.45962 -0.09844 0.00015 H -8.23667 2.92926 -0.00018 
C -1.52847 0.9817 0.00018 H -10.4636 3.59781 -0.0004 
C -0.15657 0.9593 0.00013 H -12.3907 2.2913 -0.00047 
C -0.87723 -2.15065 0.00003 H -12.5991 -0.04339 -0.00027 
C 0.74084 -0.14557 0.00004 H -10.9117 -1.65838 0.00003 
C 0.37317 -1.56837 0.00002 H -8.47954 -2.53195 0.00021 
C 2.14884 -0.0721 0.00005 C 7.30495 1.88399 -0.00002 
C 2.66581 -1.45503 -0.0001 C 8.63035 2.23794 0.00006 
C 1.58675 -2.32584 -0.00005 C 8.83565 -0.95946 -0.00029 
C 2.92404 1.12066 0.0001 C 9.79264 1.4139 0.00008 
C 4.28867 1.28546 0.00005 C 9.86334 -0.06167 -0.00016 
C 4.01671 -1.89175 -0.00019 C 11.10088 1.8696 0.00041 
C 5.16824 -1.13911 -0.00017 C 12.00461 0.74617 0.00028 
C 5.32898 0.31618 -0.00006 C 11.27332 -0.41195 -0.00027 
C 6.71699 0.58702 -0.0001 H 6.60517 2.71562 -0.00006 
C 7.4283 -0.70818 -0.00024 H 8.83658 3.30771 0.00006 
C 6.48443 -1.71662 -0.00026 H 11.65207 -1.42737 -0.00059 
H -1.96833 1.97592 0.0003 H 9.11003 -2.01491 -0.00047 
H 0.31454 1.93928 0.00021 H 11.39851 2.9128 0.00065 
H -0.89565 -3.24049 -0.00002 H 13.08627 0.82089 0.00042 
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B3LYP/6-31G(d) 
HF=-1922.0468112 
 
C 7.37241 0.25267 0.16425 C 9.55869 -0.58377 0.17999 
C 7.32882 -1.29508 0.10704 C 8.59694 -1.76561 0.11537 
C 6.11427 -2.22858 0.04916 C 9.03426 2.17216 0.26634 
C 6.21193 1.26812 0.17812 C 10.28062 2.71916 0.31432 
C 4.82848 -1.81529 0.04346 C 11.62314 1.9607 0.32059 
C 4.87957 0.98785 0.14535 C 11.89845 0.43663 0.27266 
C 4.21775 -0.40805 0.08569 C 10.90187 -0.72619 0.20536 
H 6.29812 -3.28185 0.01123 H 8.2135 2.85865 0.27122 
H 6.48224 2.30262 0.21804 H 10.33374 3.78724 0.3519 
H 4.21682 1.82762 0.16314 H 11.29777 -1.71992 0.17699 
C 3.64539 -2.77601 -0.01086 H 8.87905 -2.79719 0.08241 
H 3.71096 -3.84323 -0.0507 C -6.54273 2.15002 0.056 
C 2.49976 -2.05699 -0.00005 C -7.79155 2.69277 0.06029 
C 2.85873 -0.55088 0.06156 C -8.6495 -0.64838 -0.08397 
C 1.92956 0.67961 0.09541 C -9.13784 1.93616 0.0113 
C 0.56764 0.67678 0.07886 C -9.46073 0.4309 -0.05279 
C 1.11975 -2.72327 -0.04419 C -10.3318 2.59249 0.02029 
C -0.36537 -0.55456 0.02154 C -11.4961 1.58 -0.03624 
C -0.05498 -2.05658 -0.03277 C -10.9902 0.32857 -0.07853 
C -1.72508 -0.41699 0.01204 H -5.72283 2.83632 0.09499 
C -2.38447 -1.81773 -0.05069 H -7.84659 3.76059 0.10216 
C -1.4098 -2.75545 -0.07614 H -11.5582 -0.57714 -0.12247 
C -2.38309 0.97705 0.06018 H -9.10796 -1.61422 -0.12816 
C -3.71693 1.25254 0.05588 H -10.446 3.65558 0.06067 
C -3.87177 -2.18784 -0.08268 H -12.5366 1.82976 -0.04107 
C -4.88523 -1.2954 -0.05985 C 13.92833 1.59851 0.36732 
C -4.88212 0.23801 0.001 C 13.23789 0.23952 0.29989 
C -6.1851 0.65039 0.00076 C 12.81375 2.62669 0.37453 
C -7.11728 -0.5869 -0.0607 C 12.91084 4.15134 0.43038 
C -6.35423 -1.70313 -0.09445 C 14.05566 4.88015 0.48595 
H 2.40532 1.63713 0.13647 C 15.52678 4.37858 0.5081 
H 0.09007 1.63382 0.10897 C 16.02469 3.10221 0.47717 
H 1.08475 -3.7919 -0.08675 C 15.26383 1.75919 0.40907 
H -1.5639 -3.81348 -0.11953 H 15.85729 0.86901 0.39367 
H -3.98872 2.28676 0.0947 H 13.72981 -0.71054 0.27793 
H -1.72149 1.81696 0.10134 H 17.09159 3.02477 0.50395 
H -6.72105 -2.70726 -0.13831 H 16.26633 5.15049 0.55479 
H -4.12482 -3.2265 -0.1263 H 13.92778 5.94204 0.51898 
C 8.67302 0.66984 0.2058 H 11.98971 4.69595 0.4252 
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B3LYP/6-31G(d) 
HF=-2229.2909947 
 
C -7.03164 -0.14596 0.00008 C -10.5464 -1.25706 0.00041 
C -6.93685 -1.60849 0.00031 H -8.20826 2.30491 -0.001 
C -5.77369 -2.41122 0.0004 H -10.3857 2.99582 -0.00084 
C -5.94815 0.78227 -0.00013 H -10.8847 -2.29299 0.00079 
C -4.44591 -2.01642 0.00026 H -8.4846 -3.18851 0.00054 
C -4.59476 0.56205 -0.0002 C 7.32023 1.14176 -0.00111 
C -3.86937 -0.66516 -0.00006 C 8.66273 1.49682 -0.00097 
H -5.9499 -3.48651 0.00063 C 8.81817 -1.67956 -0.00044 
H -6.23627 1.83074 -0.00029 C 9.81532 0.69236 -0.00051 
H -3.98623 1.46278 -0.0003 C 9.86645 -0.77116 -0.00031 
C -3.36018 -2.93675 0.00046 C 11.16626 1.16526 -0.00033 
H -3.46324 -4.01636 0.00054 C 12.04093 -0.00839 0.00009 
C -2.15238 -2.2405 0.0003 C 11.23536 -1.14825 0.00017 
C -2.46636 -0.79716 0.00018 H 6.63001 1.98134 -0.00137 
C -1.52796 0.26998 0.00023 H 8.84008 2.56974 -0.00113 
C -0.15208 0.2397 0.00011 H 11.59694 -2.17078 0.00054 
C -0.89478 -2.86908 0.00028 H 9.10142 -2.73228 -0.00022 
C 0.73727 -0.86837 -0.00014 C -13.7201 0.53763 0.00036 
C 0.36746 -2.28276 0.00016 C -12.9575 -0.61896 0.00042 
C 2.15301 -0.793 -0.00065 C -12.7771 1.69029 0.00002 
C 2.67201 -2.17742 -0.00047 C -13.1085 3.03438 -0.0002 
C 1.56937 -3.03662 0.00017 C -14.3805 3.64347 -0.00012 
C 2.92469 0.39063 -0.00079 C -15.6328 3.04873 0.00019 
C 4.29893 0.551 -0.00084 C -15.973 1.67857 0.0005 
C 4.00019 -2.62264 -0.00061 C -15.1305 0.58132 0.00057 
C 5.17087 -1.86438 -0.00067 H -15.6169 -0.39354 0.00076 
C 5.32911 -0.41432 -0.00077 H -13.3488 -1.63009 0.00063 
C 6.73052 -0.1359 -0.00089 H -17.0385 1.45991 0.00068 
C 7.43511 -1.42924 -0.00073 H -16.4776 3.73525 0.00016 
C 6.46614 -2.43861 -0.00052 H -14.3723 4.73111 -0.00025 
H -1.95897 1.2679 0.00041 H -12.2755 3.73398 -0.00042 
H 0.32258 1.21785 0.00028 C 11.55773 2.52642 -0.00068 
H -0.91446 -3.95845 0.00026 C 12.82567 3.0675 -0.00027 
H 1.6213 -4.12022 0.00044 C 14.36286 0.96612 0.00086 
H 4.6294 1.58705 -0.00082 C 14.08588 2.42145 0.00063 
H 2.36029 1.31944 -0.00076 C 13.46312 -0.06605 0.00064 
H 6.67278 -3.50351 -0.00021 C 15.32246 3.05861 0.00123 
H 4.13347 -3.7042 -0.00066 C 16.3628 2.07493 0.00177 
C -8.4013 0.18967 -0.00019 C 15.79697 0.8187 0.00158 
C -9.17202 -1.07528 0.00018 H 12.87394 4.15597 -0.00066 
C -8.23393 -2.13385 0.00038 H 10.74853 3.2521 -0.00132 
C -8.939 1.4999 -0.00053 H 13.88096 -1.07327 0.00106 
C -10.2521 1.91678 -0.00047 H 16.31776 -0.13169 0.00184 
C -11.4447 1.14915 -0.00007 H 15.47096 4.13288 0.00114 
C -11.5715 -0.28797 0.00032 H 17.42475 2.29427 0.00221 
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B3LYP/6-31G(d) 
HF=-2536.535025 
C 9.25933 0.00625 0.00328 C -6.49691 0.49224 0.02261 
C 9.28176 -1.45741 -0.01033 C -6.42393 -2.69031 0.00095 
C 8.18627 -2.34952 -0.01376 C -7.58908 -0.38972 0.01123 
C 8.10948 0.84472 0.01655 C -7.5413 -1.85129 0.00268 
C 6.83067 -2.06494 -0.00532 C -8.97232 -0.00587 0.007 
C 6.77526 0.51772 0.0193 C -9.76532 -1.24085 -0.00406 
C 6.15117 -0.76019 0.00964 C -8.87144 -2.32351 -0.00494 
H 8.44884 -3.40705 -0.02488 H -4.50215 1.11625 0.03702 
H 8.31329 1.91279 0.02631 H -6.74797 1.55037 0.03265 
H 6.09813 1.36802 0.03082 H -9.15994 -3.3691 -0.01188 
C 5.81839 -3.06447 -0.01052 H -6.63535 -3.75941 -0.00679 
H 6.00375 -4.13283 -0.02107 C 15.8752 1.22034 -0.01981 
C 4.55988 -2.46429 -0.00069 C 15.20874 0.00815 -0.02701 
C 4.76036 -1.00242 0.01185 C 14.84622 2.2953 -0.00331 
C 3.74659 -0.01045 0.02442 C 15.06763 3.65891 0.00826 
C 2.37497 -0.1417 0.02705 C 16.28958 4.36944 0.00724 
C 3.35121 -3.18521 -0.00341 C 17.58288 3.87782 -0.00581 
C 1.57289 -1.3115 0.01785 C 18.03153 2.53576 -0.02126 
C 2.04858 -2.69774 0.00455 C 17.28081 1.37716 -0.02721 
C 0.15506 -1.34156 0.01823 H 17.84255 0.44379 -0.03945 
C -0.26129 -2.75941 0.00728 H 15.67962 -0.96839 -0.03883 
C 0.90375 -3.53419 0.00009 H 19.11111 2.40371 -0.02978 
C -0.69703 -0.21585 0.02841 H 18.37119 4.62848 -0.0042 
C -2.07948 -0.14883 0.02833 H 16.19302 5.45275 0.01844 
C -1.55341 -3.29683 0.0035 H 14.18188 4.29021 0.02021 
C -2.77751 -2.62173 0.00814 C -9.46025 1.31077 0.01353 
C -3.03949 -1.18342 0.01834 C -10.7742 1.76819 0.01016 
C -4.45537 -1.00196 0.01709 C -12.1436 -0.40562 -0.01031 
C -5.07012 -2.34322 0.0067 C -11.9812 1.05502 -0.00068 
C -4.02543 -3.28133 0.00218 C -11.1634 -1.38723 -0.01159 
H 4.10116 1.0172 0.03408 C -13.2933 1.62873 -0.00477 
H 1.83015 0.79896 0.03845 C -14.2505 0.52568 -0.01627 
H 3.45271 -4.26991 -0.01337 C -13.5345 -0.67546 -0.01888 
H 0.93057 -4.61863 -0.00904 H -10.8684 2.8515 0.01729 
H -2.4798 0.86207 0.03938 H -8.70892 2.09617 0.02303 
H -0.19835 0.74988 0.03934 H -11.5232 -2.41628 -0.01981 
H -4.15773 -4.35806 -0.00602 H -13.9745 -1.66654 -0.02664 
H -1.61205 -4.38472 -0.005 C -13.5778 3.01673 0.00178 
C 10.60196 0.45138 0.0012 C -14.7984 3.65601 -0.00046 
C 11.46877 -0.75119 -0.01382 C -16.1051 3.10942 -0.00983 
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C 10.61888 -1.87754 -0.01983 C -16.4917 1.67639 -0.02074 
C 11.03238 1.79596 0.012 C -15.6737 0.5787 -0.02335 
C 12.31172 2.31711 0.01053 C -17.2891 3.83711 -0.00935 
C 13.55719 1.6481 -0.00247 C -18.4007 2.93323 -0.02085 
C 13.79797 0.22504 -0.01685 C -17.9326 1.63783 -0.02868 
C 12.8559 -0.82061 -0.02134 H -12.7141 3.67664 0.00962 
H 10.24123 2.54164 0.02383 H -14.7616 4.74488 0.00585 
H 12.35815 3.40334 0.0213 H -17.357 4.91939 -0.00203 
H 13.27554 -1.82628 -0.03252 H -19.4431 3.2322 -0.02369 
H 10.95175 -2.90912 -0.0307 H -18.524 0.72985 -0.03843 
C -5.13165 0.23038 0.02534 H -16.1686 -0.39297 -0.03203 
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